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1. INTRODUCTION 


Teledyne Continental Motors (TCM), under contract to the National 
Aeronautics and Space Administration (NASA) , is conducting a program to 
establish and demonstrate the technology necessary to safely reduce gen- 
eral aviation piston engine exhaust emissions with minimum adverse effects 
on cost, weight, fuel economy, and performance. The emissions must be 
reduced sufficiently to meet the Environmental Protection Agency (EPA) 

1980 Emission Standards as published in the Federal Register of July 17, 
1973. Current aircraft piston engines are generally operated at "Full 
Rich" mixture setting for other than cruise conditions and, as such, dis- 
charge exhaust emissions that are high in unburned hydrocarbons (HC) and 
carbon monoxide (CO). Oxides of nitrogen (NOx) are within the EPA limits. 

Although emphasizing emission reduction, the NASA program has a 
secondary objective of reducing the fuel consumption of these engines. 

This contract is intended to provide a screening and assessment of prom- 
ising emission reduction concepts that afford good fuel economy. It is 
also intended to provide for the preliminary design and development of 
those promising concepts mutually agreed upon. These concepts will then 
go through final design, fabrication, and integration with a prototype 
engine(s). Verification testing will then be performed at the TCM facility. 

This report discusses the results of completing Task II, "Screen- 
ing Analysis and Selection of Three Emission Reduction Concepts", that 
was conducted from February to June of 1976. 

A systems analysis study and a decision-making procedure were 
used by TCM to evaluate, trade off, and rank the candidate concepts from 
a list of 14 alternatives. Cost, emissions, and 13 other design criteria 
considerations were defined and traded off against each candidate co cept 
to establish its merit and emission reduction usefulness. A computer 
program (1) was used to assist the evaluators in making the final choice 
of three concepts. 

Many automotive concepts were investigated in this study, and it 
is important to note that the aircraft piston engine emission test cycle 
is considerably different from the automotive test cycles. For this 
reason any conclusions mad^ in this study can only be applied to aircraft 
piston engines. 


2. SUMMARY 


The objectives of Task. II were to conduct a screening analysis on 
a minimum of 10 promising concepts and select three concepts for further 
development. The approach used to fulfill the objectives was fivefold: 

• Select a preliminary list of concepts 

• Conduct a detailed literature search 

• Contact firms for additional data 

• Define criteria and method of evaluation 

• Rank concepts based on a consistent set of weighted 
cost-effectiveness criteria. 

Steps 1 through 3 of the approach produced a list of fourteen concepts 
which were investigated during the remainder of Task II. The promising 
concepts are listed in order of general category: 

• Stratified Charge Combustion Chambers: 

- Honda Compound Vortex Controlled Combustion 

- Texaco Controlled Combustion System 

- Ford Programmed Combustion 

• Improved Cooling Combustion Chamber 

• Diesel Combustion Chambers: 

- Four-Stroke, Open Chamber 

- Two-Stroke, McCulloch 

• Variable Camshaft Timing 

• Improved Fuel Injection Systems 

• Ultrasonic Fuel Atomization - Autotronics System 

• Thermal Fuel Vaporization - Ethyl TFS 

• Ignition Systems: 

- Multiple Spark Discharge 

- Variable Timing 

• Hydrogen Enrichment 

• Air Injection. 
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Step 4 was accomplished by selecting and defining the decision factors 
(criteria). The criteria chosen in the evaluation of the concepts were: 



Cost 



Reliability 



Safety 



Technology 



Performance 



Cooling 



Adaptability 



Materials 



Integration 
Producibility 
Fuel Economy 
Weight and Size 

Maintainability and Maintenance 
Emissions 

Operational Characteristics. 


Each decision factor was further defined by listing specific questions 
which were used in evaluating each concept. 

The ranking of the concepts , Step 5, was accomplished with a com- 
puter program that aids a decision maker in arriving at consistent deci- 
sions under conditions of both certainty aud uncertainty. The model 
assists in obtaining consistent rankings of the decision criteria and of 
the concepts relative to each of the criteria. The emphasis coefficients 
assigned to each criterion, the merit scores assigned to each concept 
relative to each criterion, and the associated uncertainties determined 
the overall merit coefficient for each concept. These merit coefficients 
defined the concept ranking which was used as a guide in the final selec- 
tion of the three concepts. The overall concept preference analysis is 
summarized below: 


CONCEPT RANK 


Improved Cooling Combustion Chamber 1 
Improved Fuel Injection System 2 
Air Injection 3 
Multiple Spark Discharge Ignition System 4 
Ultrasonic Fuel Atomization, Autotronics 5 
Variable Timing Ignition System 6 
Thermal Fuel Vaporization, Ethyl 7 
Hydrogen Enrichment, JPL 8 
Texaco CCS 9 
Two-Stroke Diesel, McCulloch 10 
Ford PR0C0 11 
Variable Camshaft Timing 12 
Honda CVCC 13 
Four-Stroke Diesel, Open Chamber 14 


The ranking of each concept relative to the most important criterion, 
emissions, reveals the dramatic effect the remaining criteria had on the 
overall preference analysis: 
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CONCEPT RANK 


Hydrogen Enrichment, JPL 1 
Honda CVCC 2 
Improved Fuel Injection System 3 
Air Injection 4 
Texaco CCS 5 
Ford PROCO 6 
Two-Stroke Diesel, McCulloch 7 
Four-Stroke Diesel, Open Chamber 8 
Improved Cooling Combustion Chamber 9 
Variable Camshaft Timing 10 
Thermal Fuel Vaporization, Ethyl 11 
Ultrasonic Fuel Atomization, Autotronic 12 
Variable Timing Ignition System 13 
Multiple Spark Discharge Ignition System 14 


Only two of the top five emission concepts ranked in the top five overall 
preference analysis: Improved Fuel Injection System and Air Injection. 

An Improved Cooling Combustion Chamber, ranking ninth on the emission 
scale, was the top overall preference. 
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CONCLUSIONS AND RECOMMENDATIONS 


Based on the results of the concept-criteria tradeoff analysis, 
the following three concepts are recommended to NASA for approval and 
further development: 

• Improved Fuel Injection System 

• Improved Cooling Combustion Chamber 

• Variable Timing Ignition System. 

Air Injection, the third ranked overall preference concept, is recom- 
mended as an alternate concept for NASA consideration. 

The fourth ranked concent. Multiple Spark Discharge Ignition 
System, and the fifth ranked concept. Ultrasonic Fuel Atomization, were 
bypassed as recommendations partly because of NASA contracts presently 
investigating these concepts. Ultrasonic Fuel Atomization was considered 
more applicable to carburetted engines than individual cylinder fuel- 
injected engines. A Multiple Spark Discharge Ignition System was con- 
sidered less important than a system that provides an ignition spark 
regulated as a function of engine speed and load. 

An Improved Fuel Injection System will consist of a timed, air- 
flow sensitive system capable of supplying fuel at moderate pressure to 
the injectors. A timed, moderate fuel pressure system is required to 
ensure a fuel mist with adequate cylinder distribution as opposed to the 
present continuous flow, low pressure system. An airflow-sensitive sys- 
tem is required to maintain the desired fuel-air ratio, which will control 
the emission levels, and together with proper cylinder distribution, pro- 
vide better engine transient response. 

Throughout this study exhaust emissions were compared to the 
TCM I0-520-D engine operating at the lean fuel flow limit of the model 
specification. This fuel schedule was chosen as representative of a 
high volume production engine operating at the leanest fuel-air ratios 
recommended. Exhaust emission values quoted herein reflect minimum pro- 
jected levels and no tolerance band is inferred. An Improved Fuel Injec- 
tion System has the potential for reducing 11C by 43%, CO by 29%, and 
increasing NOx by 93%. These emission potentials result in absolute 
emission levels of 55%, 90%, and 58% of the EPA standard for HC, CO, and 
NOx, respectively. 

An Improved Fuel Injection System capable of maintaining lean 
fuel-air ratios cannot operate effectively for all engine applications 
because of possible cylinder head overheating. Operating at leaner than 
present fuel-air ratios requires a combustion chamber design capable of 
withstanding greater heat loads. Methods of obtaining an Improved Cooling 
Combustion Chamber are: 

• Cooling fin redesign 

• Exhaust port liners 

• Exhaust port coatings. 
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An Improved Cooling Combustion Chamber will not significantly 
affect HC emissions; however, a 16% decrease in CO and a 47% increase 
in NOx were projected for the concept which resulted in emission levels 
of 106%, 95%, and 44% of the EPA standard for CO, HC, and NOx, respec- 
tively. The changes resulted through improved cooling during climb and 
takeoff, which allows leaner fuel-air ratios while maintaining engine 
power. 


A Variable Timing Ignition System can provide improved engine 
acceleration characteristics while operating at leaner than present fuel- 
air ratios in idle, taxi, and approach modes. Light load operation in 
the idle and taxi modes will become smoother by retarding the spark, while 
vacuum advancing the spark in the cruise range will enhance lean mixture 
burning. A centrifugal advance would be required to compensate for changes 
in engine speed under constant manifold pressure. 

Use of a Variable Timing Ignition System will not significantly 
reduce exhaust emissions relative to the aircraft emission cycle; however, 
the ability to provide variable ignition in idle, taxi, and approach modes 
will decrease the acceleration problem associated with leaning these modes. 
Potential leaning benefits would result in emission reductions of 11% for 
HC and 8% for CO, and an increase of 17% for NOx. 

Air Injection was chosen as an alternate concept since after- 
treatment of the exhaust products does not attack the fundamental source 
of the problem, i.e., excessively rich fuel-air ratios. The potential 
of Air Injection, however, cannot be denied. Reductions of 33% for HC 
and 23% for CO, and an increase of 13% for NOx are projected for this 
concept . 


The adaptability of all four concepts provides a means for many 
possible integrated emission reduction packages, as shown in the sketch 
on the following page. An Improved Fuel Injection System, an Improved 
Cooling Combustion Chamber, and a Variable Timing Ignition System com- 
plement each other in reducing emissions by overcoming the associated 
problems of operating at leaner than present fuel-air ratios. An exhuast 
port liner coupled with Air Injection provides a means of after-treatment 
of the exhaust products, ensures a cooler cylinder head, and suggests 
leaner fuel-air ratio operation. 

The primary and alternate proposed concepts offer extremely prom- 
ising combinations for a safe and versatile emission reduction package. 





4. LITERATURE SEARCH 


As partial fulfillment of Task II (Screening Analysis) as defined 
in the Technical Work Plan (2), TCM conducted a literature search through 
five main sources: 

• SAE - Technical paper search 

• NASA/Lewis - RECON key word search 

• NTIS - Published searches 

• NASA/Marshall Space Flight Center - RECON key word 
search 

• References - Published references from technical 
papers were searched for additional reports. 

Although the literature search, per se, is complete, new technical publi- 
cations will be searched through the remainder of the contract for infor- 
mation and data pertaining to the chosen concepts. Conclusions from the 
completed literature search can be summarized as follows: 

• No new concepts for reducing exhaust emissions were 
found, compared to the candidate concepts in the RFP 
or the 10 selected concepts in the original work plan. 

• Minimal data were available for detailed modal analysis 
(most of the published data were in the form of grams/ 
mile, dilute data, and/or low power conditions), 

• Minimal data were available for supporting evaluation 
of the concepts on the basis of the criteria presented 
in Section 6. 

• Additional data were required to evaluate certain con- 
cepts on the basis of emissions. 

Based on the results of the above search, TCM contacted firms 
considered to be experts in their respective fields to obtain raw emis- 
sions data for analysis on the aircraft cycle as well as any other perti- 
nent information on the promising concepts. The firms contacted were: 
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FIRM 


CONCEPT 


Autotronic Controls 
Corporation 

Bendix Corporation 

Borg-Wamer Corporation 

Chrysler Corporation 

Environmental Protection 
Agency 

Ethyl Corporation 

Ford Motor Company 

Honda American Motor 
Company 

Jet Propulsion Laboratory 

McCulloch Corporation 

NASA - Lewis Research 
Center 

Ricardo & Company Engineers 

Southwest Research 
Institute (SWRI) 

Texaco, Incorporated 
Toyota Motor Company 


Ultrasonic Fuel Atomization 
Multiple Spark Discharge System 

Electronic Fuel Injection 

Electronic Fuel Injection 

Variable Timing Ignition System 

General Emissions Data 

Thermal Fuel Vaporization 
Stratified Charge - (Ford PROCO) 
Stratified Charge - (Honda CVCC) 

Hydrogen Enrichment 
Ultrasonic Fuel Atomization 

Diesel, Two-Stroke 

General Emissions Data 

General Emissions Data 

Diesel, Four-Stroke; Stratified 
Charge - (Honda CVCC, Ford PROCO, 
and Texaco CCS) 

Stratified Charge - (Texaco CCS) 

Lean-Bum with Turbulence Generat- 
ing Pot 


White Engines, Incorporated Diesel, Four-Stroke 

A typical data request form is presented in Figure 1. 

Emissions data in the required form were received for the follow- 
ing concepts: 


CONCEPT 


SOURCE 


(• 


Diesel, TWo- Stroke 

Diesel, Four-Stroke Open 
Chamber 

Ford PRO CO 

Honda CVCC 

Texaco CCS: 

Operation on Casoline 
Operation on Diesel Fuel 

Thermal Fuel Vaporization 


McCulloch Corporation 
SWRI 

SWRI 

SWRi 

Texaco, Inc., and SWRI 
SWRI 

Ethyl Corporation 


These analyses were based on the assumption that emissions from 
a particular combustion chamber are functions of operating conditions 
(speed, load, and mixture strength) and not application. That is, emis- 
sions from an automotive engine are valid for the aircraft emission cycle 
provided the emissions data were obtained at operational conditions speci- 
fied for the respective aircraft cycle modes. The Jet Propulsion Labora- 
tory (3) employed a similar approach for hydrogen enrichment studies in 
which specific emissions data from a Chevrolet 350 CID V-8 automotive 
engine operating at ultra-lean equivalence ratios were used to predict 
aircraft engine emissions at the same mixture strength. The automotive 
engine specific emissions data correlated well with similar data from a 
TCM I0-520-D engine at mutual equivalence ratios. 


These raw emissions data were input to the TCM Aircraft Cycle 
Emissions Deck to determine mode and total cycle specific emissions. The 
input data and computer program results of those analyses are presented 
in Appendix A along with the assumptions that were required for analysis 
on the seven-mode cycle. The calculation procedure for these analyses 
and the definition of the seven-mode cycle are presented in Appendix B. 

Where raw emissions data were not available, concepts were 
evaluated by analyzing their impact on emissions as applied to the 10-520-D 
engine. The 10-520-D engine operating at the lean fuel flow limit of the 
model specification was chosen as representative of a high-volume produc- 
tion engine. 


5. CONCEPT DEFINITIONS AND EMISSION RESULTS 


In accordance with the contract, a preliminary screening of prom- 
ising concepts for reducing exhaust emissions and improving engine specific 
fuel consumption was submitted to NASA for approval. 

Approval was granted to study the following concepts in further 

detail: 

• Stratified Charge Combustion Chambers 

• Improved Cooling Combustion Chambers 

• Diesel Combustion Chambers 

• Variable Camshaft Timing 

• Improved Fuel Injection Systems 

• Ultrasonic Fuel Atomization 

• Thermal Fuel Vaporization 

• Improved Ignition Systems 

• Hydrogen Enrichment 

• Air Injection. 

The first step in the analysis was to define in greater detail 
each concept as it applies to this study and to establish emission levels. 
The basic concepts analyzed in this task are detailed in Sections 5.2 
through 5.11 by general category. Emission values quoted for the concepts 
reflect minimum projected levels and no attempt has been made to establish 
tolerance bands. Since exhaust emissions levels for some concepts were 
based on their predicted impact on the emissions from the TCM I0-520-D 
engine, definitions of that engine and its emission characteristics are 
provided in Section 5.1. 


5.1 TCM 10-5 20-D ENGINE 


The 10-5 20-D is an air-cooled, 520 CID, horizontally opposed, 
naturally aspirated, six-cylinder aircraft engine featuring fuel-injection 
and rated at 300 horsepower. The engine is representative of current high- 
volume production engines * 

Under FAA-NA7EC Contract No. DOT FA74NA-1091, TCM has conducted 
extensive IO-520-D testing to establish the effects of lean operation on 
exhaust emissions and safety limits. The testing resulted in categoriza- 
tion of emission data by three separate fuel system schedules; Baseline, 
Case 1, and Case 2. Figure 2 presents the fuel-air equivalence ratio for 
each fuel schedule as a function of power. Modal power points are also 
shown for reference. Baseline is defined as the average fuel flow rate 
established by the fuel system production tolerance band when operated 
with the mixture control at the full rich position. Case 1 is defined 
as the minimum allowable fuel flow rate established by the engine type 
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certificate. Case 2 is defined as the fuel flow rate corresponding to 
the leanest fuel-air ratio obtainable before a safety limit occurred with 
the engine operating on a test stand. The engine test stand installation 
incorporated the same constant speed propeller as would normally be used 
on the airframe configuration. Safety limits which developed during test- 
ing were cylinder head overheating or inadequate acceleration from a given 
mode of operation and were defined as "uninstalled"' safety limits. 

The general trend in mixture strength (i.e., richer at low power, 
leaner at the mid-power range, and richer at maximum power) is typical of 
all TCM fuel-injected engines that have been evaluated. This trend may 
be rationalized by considering the present fuel injection system design. 
Rich mixtures are required at the low power idle-taxi regime to provide 
adequate fuel distribution to all cylinders and to ensure adequate engine 
transient response (acceleration). Since the IO-520-D fuel system is not 
temperature compensating, the fuel flow required for the idle-taxi modes 
is dependent on the fuel-air ratio required for cold day operation. As 
the induction air temperature increases, the resultant fuel-air ratio 
enriches. Leaner mixtures are acceptable and desirable in the mid-power 
range where fuel distribution is good and cylinder head temperatures are 
well within the limits. Richer mixtures are required at high power points 
for cylinder head cooling and detonation suppression. The Federal Avia- 
tion Administration requires that the minimum certified fuel-flow rate be 
at least 10% above the fuel flow rate at which detonation occurs. Note 
the mixture strength schedule trend with respect to Baseline, Case 1, 
and Case 2 fuel schedules. A wider equivalence ratio band exists between 
each fuel schedule at low power and this band decreases to a minimum at 
maximum power. This is due to the larger tolerance band associated with 
controlling low fuel flow rates. This trend is typical of all TCM engines 
that have been evaluated. 

Figure 3 presents the XO-520-D emission levels in percent of the 
EPA standard as a function of time-weighted fuel-air equivalence ratio, 
4> tw . Time-weighted fuel-air equivalence ratio is defined as the summa- 
tion of the product of modal time and the modal equivalence ratio divided 
by the total cycle time. In equation form: 

7 

£ Ti * 4>i 
i=l 

4>tw “ 273 

where 

T a - time in mode 1, minutes 

- equivalence ratio in mode i. 
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Time-weighted equivalence ratio provides a means of establishing Baseline , 
Case 1, and Case 2 emission levels as a function of a common reference for 
each pollutant. The results of leaning can therefore be quickly recognised. 
As expected, leaning the engine resulted in a decrease for carbon monoxide 
(CO) and hydrocarbons (HC), while the oxides of nitrogen (NOx) increase. 

The Baseline mixture schedule resulted in a <J) tw of 1.43 with CO and HC 
above the standard and NOx well below the limit. Decreases of 34% for CO 
and 19% for HC were observed when the engine was leaned to a <$>tw of 1.23 
(Case 1), and NOx increased 118% but remained considerably below the limit. 
Case 2, <j> tw of 1.12, resulted in levels for all three pollutants below the 
EPA standards with decreases from Case 1 of 34% for CO and 37% for HC. 

NOx increased by 83%. From Figure 3, an estimated band of time-weighted 
fuel-air equivalence ratios which meet all of the EPA standards can be 
determined. This total band ranges from a $tw of 1.02 to 1.16; however, 
when Case 2 is considered (uninstalled safety limits) , this band is reduced 
to a <j> tw range of 1.12 to 1.16, which results in a +1.75% tolerance band 
on fuel-air ratio for the complete seven-mode cycle. 

Figure 4 represents the effect of modal equivalence ratio on CO, 

HC, and NOx for the I0-520-D engine. The figure illustrates the pollutant 
percent of EPA standard as a function of modal equivalence ratio decrease 
from Case 1. The curve clearly shows the effects of each mode on the total 
cycle emission level as the modes are leaned beyond the lean limit of the 
engine model specification. Case 1 was chosen as the starting point from 
which the leaning was referenced since leaning beyond Case 1 is mandatory 
to reduce CO and HC to values below the EPA standard, Figure 3. 

Each modal curve has been identified with symbols which locate 
two important points of reference. Case 2, and the stoichiometric fuel- 
air ratio. The closed symbols represent the reduction in modal equivalence 
ratio required to provide a stoichiometric mixture and the corresponding 
emission level for the cycle. The flagged symbols represent the reduction 
in modal equivalence ratio required to lean to the uninstalled modal safety 
limit. Dashed lines represent extrapolations of available data. 

Significant information can be derived from these curves, such 
as the effect of modal leaning on CO. For example, if oftly the climb 
mode was leaned to Case 2 (<f> = 0.07 decrease from Case 1) the CO percent 
of EPA standard would drop from 124 to 107%, or a delta reduction of 17%. 
Any combination of modal leaning can be predicted by summing the individual 
modal delta reductions. To obtain the absolute emission level the sum is 
subtracted from the Case 1 value. 

The above test results established emissions levels for the 10- 
520-D engine as a function of fuel mixture strength and are the basis for 
determining the minimum projected emission levels for various concepts 
described in this report. 
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5.2 


STRATIFIED CHARGE COMBUSTION CHAMBERS 


Charge stratification is the generation of a significant spatial 
variation of fuel-air ratio in the combustion chamber at time of ignition 
and during at least a portion of the progressive burning process. 

The object of the strata is to provide a fuel-rich environment 
near the point (s) of ignition and progressively leaner zones as the flame 
front traverses the combustion region. This formation promotes the estab- 
lishment of the flame kernel and a strong flame front that can easily 
traverse the leaner fuel-air zones. The result is more nearly complete 
combustion of an overall lean mixture (generally stoichiometric or leaner) 
with attendant low pollutant emission levels and improved fuel economy. 

The two main classifications for stratified charge engines are 
prechamber engines and open-chamber engines. The former is characterized 
by a mechanically divided combustion chamber with the individual chamber 
sections connected by an orifice. The latter engines obtain the spatial 
fuel-air ratio variation through coordination of direct fuel injection and 
dynamic air motion. The three stratified charge concepts investigated 
were: 


5.2.1 Honda Compound Vortex Controlled Combustion (CVCC) 

The CVCC, Figure 5, is a prechamber stratified charge engine with 
a " compound" carburetor and third valve in the prechamber. During the 
intake stroke the "compound” carburetor supplies a fuel-rich mixture to 
the prechamber via the auxiliary valve and a leaner-than-stoichiometric 
mixture to the main chamber through the main intake valve. A prechamber 
spark plug initiates ignition in the fuel-rich prechamber mixture. The 
resulting prechamber pressure forces burning gases through the connecting 
orifice into the main chamber where a mixture of intermediate richness 
has formed as a result of proper geometry and proportioning of air and 
fuel. This "mixture cloud" (4) is ignited by the flame initiated in the 
auxiliary chamber and ensures positive combustion of the lean mixture in 
the main chamber. Raw emission data (5) received for the Honda CVCC were 
based on operation with the standard exhaust system. This system did not 
include a catalytic converter or a thermal reactor, per se. The exhaust 
manifold was designed with an inner liner. Figure 5, to increase exhaust 
gas residence time and provide an intake manifold "hot spot". Therefore 
some benefits of HC and CO oxidation and thermal fuel vaporization are 
inherent in the data. The data were evaluated on the aircraft seven-mode 
emission cycle, and emissions were well below EPA limits despite a time- 
weighted equivalence ratio slightly rich of stoichiometric (1.01). These 
favorable emission levels resulted in an emission ranking of second for 
the Honda CVCC, Table I. 

The literature search produced the following Pros and Cons 
which further characterized the Honda CVCCi 
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PRO S 

b Good Specific Fuel Consumption 

• Stable Combustion Assured 

• Good Operational Characteristics 

• Low Octane Fuel Requirements 

• Low Emissions for Aircraft Emission Cycle 

CONS 


• Possible Cooling Problems 

• Hardware Complexity 

• High Surface Area-to-Volume Ratio 

• High Rate of Pressure Rise at Rich Mixtures 

• Implementation Problems 

• Increased Weight 

e Expensive 

• Increased Maintenance. 

5.2.2 Ford Programmed Combustion System (PROCQ) 

The PR0CO, Figure 6, is an open-chamber stratified charge engine 
which relies on the coordination of directly injected fuel into circum- 
ferentially swirling air to stratify the fuel-air mixture. 

The intake port is shaped to impart a high-rate (thee to five 
times crankshaft speed) circumferential swirl to the incoming air. The 
swirling air charge is compressed at a high compression ratio (=11:1) into 
the cup-shaped combustion chamber. The chamber is located concentrically 
in the piston with about 65% squish area. Fuel is directly injected into 
the cylinder during the compression stroke in a soft, low-penetrating, wide- 
angle, conical spray which results in a rich mixture at the center, sur- 
rounded by a leaner mixture and excess air (6) . Combustion progresses 
rapidly in the rich mixture around the spark plug which is located either 
near the bore centerline or just above the spray. The toroidal mixture 
resulting from the squish action plus the intake swirl promotes flame 
travel as combustion spreads out of the rich region into the leaner regions . 
Air motion tends to homogenize the mixture and promote nearly complete 
combustion as the swirling charge expands from the piston cup into the 
cylinder space during the expansion stroke. Air throttling is utilized 
for part- load fuel-air control. 

The Ford PROCO emission <3 ita (5) evaluated on the aircraft emis- 
sion seven-mode cycle indicated bi.gh nitric oxide emissions (32% over EPA 
limit) at a relatively lean 0,5 time-weigihted equivalence ratio. Hydro- 
carbons and carbon monoxide at less than 10% EPA standard were typical 
of lean operation. The high nitric oxide emissions resulted in the PR000 
being ranked sixth in the emission ranking. 
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The literature search produced the following Pros and Cons which 
further characterized the Ford PROCO: 

PROS 


• Low HC and CO Emissions for Aircraft Emission Cycle 

• Good Specific Fuel Consumption 

CONS 

• Octane Sensitive 

• Not Easily Turbocharged 

• Implementation Problems 

• Air Throttling Required for Low Emissions 

• High NOx Emissions for Aircraft Emission Cycle 

• Expensive. 

5,2.3 Texaco Controlled Combustion System (TCCS) 

The TCCS (7, 8), Figure 7, is an open-chamber stratified charge 
engine which encompasses direct fuel injection, air swirl, and positive 
ignition. 

Suitably shaped intake passages and combustion chamber impart a 
high rate (up to ten times crankshaft speed) circumferential swirl to the 
normally unthrottled air charge. Fuel is injected directly into the 
cylinder late in the compression stroke to establish a flame front imme- 
diately downstream from the nozzle. A combustible mixture is supplied to 
the stabilized flame through continued injection and is burned as rapidly 
as it Is formed. Part load fuel-air ratio is maintained by fuel injection 
duration and quantity. 

Three sets of raw emission data (5) from two TCCS equipped engines 
were evaluated on TCM*s version of the aircraft emissions seven-mode cycle. 
The resulting tire-weighted equivalence ratios were essentially the same 
in all three instances. In two cases the engines were operated on gaso- 
line while the third case was for diesel fuel operation. Nitric oxide 
emissions were comparable for all three cases and exceeded EPA limits by 
up to 38%. 

Carbon monoxide emissions were also similar for a l l three eases and 
were well below EPA standard. Hydrocarbons were well below EPA standards 
but not as consistent as NOx or CO, varying from 12% to 58% of the EPA 
limit. The high NOx level forced the TCCS concept into fifth position for 
the emission ranking, one position above the Ford PROCO. 

The literature search produced the following Pros and Cons which 
further characterized the Texaco CCS; 
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PROS 


• Limited Air Throttling Requirements 

• Low Octane Fuel Requirements 

• Multi-Fuel Capability with Comparable Performance and Emissions 

• Easily Turbocharged 

• Good Specific Fuel Consumption 

• Good Starting Characteristics 

• Low Wall Quenching Potential 

• Low HC and CO Emissions for Aircraft Emission Cycle 
CONS 


• Incomplete Air Utilization 

• Limited Speed Range 

• Implementation Problems 

• Poor Performance 

• Expensive 

• High NOx Emissions for Aircraft Emission Cycle. 


5.3 IMPROVED COOLING COMBUSTION CHAMBERS 


Improved Cooling Combustion Chambers entail modifications or 
redesign of the cylinder head/ combustion chamber to improve cooling charac- 
teristics and thereby allowing leaner fuel-air operation and, in some 
cases, increased 11C/C0 oxidation, 

TCM has evaluated the effect of lean operation on exhaust emis- 
sions for the 10-520-D, Figures 3 and 4. That information was used to 
predict exhaust emissions by realizing that improved cooling during climb 
and takeoff will permit leaner fuel-air ratios while maintaining engine 
power. For idle, taxi, and approach modes, Case 1 was used because of 
inadequate acceleration at Case 2 which improved cooling techniques would 
not affect. For takeoff and climb modes. Case 2 was used because excessive 
cylinder head temperature is the limiting factor with current cooling 
characteristics. Figure 4 indicates that this modal leaning results in a 
CO decrease of 20% of the EPA standard and an NOx increase of 14% of the 
EPA standard. The resulting absolute levels of CO and NOx were 106% and 
and 44% of the EPA standard, respectively. Hydrocarbon emissions were not 
significantly affected. Table I. Candidate improvements for improving 
combustion chamber cooling are described in Sections 5.3.1 through 5.3.3. 

5.3.1 Redesigned Cylinder Head Cooling Fins 

This concept will encompass a detailed thermal analysis to ascer- 
tain the required fin geometry (size, shape, separation, etc.) for increased 
heat dissipation in the cylinder head. The basic redesign problem involves 
only heat transfer characteristics of the extended surface and hardware 
considerations (cost, weight, available space, pressure drop, etc.), and, 
as such, no information was expected or obtained through the emission-type 
literature that was researched. Detailed NACA reports are available, how- 
ever, for establishing the effects of fin geometry. 
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The following Pros and Cons for redesigned cylinder head cooling 
fins were utilized in assessing Improved Cooling Combustion Chambers; 

PROS 


• Allows Leaner Operation in Certain Modes 

• Versatile - One Basic Configuration for All Applications 

• Minimal Weight Penalty 

v No Increased Maintenance Requirements 

• No Performance Penalty 

• No Effect on Operational Characteristics 

• Relatively Inexpensive 

CONS 


• Implementation Problems 

• No Fuel Economy Benefits 

• Complex Heat Transfer Analysis Required. 

5.3.2 Exhaust Port Coatings 

This cooling technique requires evaluation of various ceramics to 
determine their benefit as low thermal conductors. The emission reduc- 
tion potential would be gained through leaner operation, which is possible 
only if the exhaust heat can be retained in the exhaust gases rather than 
transferred to the cylinder head. The literature provided minimal infor- 
mation on the subject since most research is being directed toward exhaust 
port liners rather than coatings. 

The following Pros and Cons for exhaust port coatings were considered 
in evaluating Improved Cooling Combustion Chambers: 

PROS 


• Allows Leaner Operation in Certain Modes 

• Minimal Hardware Change 

• Relatively Inexpensive 

« No Effect on Operational Characteristics 

• Relative Ease of Implementation 

• Simple 

• Minimal Weight Penalty 

• No Performance Penalty 

CONS 


• Subject to Damage from Expansion and Contraction of Cylinder Head 

• Brittle - Subject to Mechanical Shock Damage 

• No Fuel Economy Benefits. 
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5.3.3 Exhaust Port Liners 


This concept requires the assessment of materials and geometry 
that offer low thermal conductance, durability, ease of installation, 
and good gas flow characteristics with reasonable cost and weight. 

The basic concept. Figure 8, has been tested in automotive 
engines (9) with significant cooling effects. Figure 9. A liner with 
low thermal conductivity in conjunction with the enclosed (small free- 
convection currents) air space provides excellent insulation against the 
flow of exhaust heat to the cylinder head. An additional merit of the 
liner is its versatility, i.e., the potential for adding an air injection 
feature that will maintain good cooling potential while increasing HC and 
CO oxidation in the exhaust. A typical scheme is presented in Figure 10. 
Cooling air is pumped through the nozzle into the space behind the liner 
which is film cooled as the air flows to the openings at the valve and 
into the exhaust gas stream. 

TCM has proved the cooling potential of the proposed method during 
testing of a similar concept for air cooling exhaust valves. Figure 11. 

In this case cooling air was pumped to the plenum at the valve guide 
sleeve and through the four passages between the outer surface of the 
valve guide and the inner surface of the valve guide sleeve for disper- 
sion over the valve neck. The extent of valve cooling is indicated by 
the substantial decrease in neck temperature presented as a function of 
cooling air flow in Figure 12. Cylinder head temperatures were monitored 
during the testing, and decreases on the order of 5° to 10°F were observed 
at the normal thermocouple head location. 

The following Pros and Cons for the exhaust port liners were 
employed in evaluating Improved Cooling Combustion Chambers: 

PROS 


• Allows Leaner Operation in Certain Modes 

• Proven Concept 

• Provides Air Injection and Valve Cooling Potential 

• Minimal Weight Penalty 

• No Increased Maintenance Requirements 
m No Performance Penalty 

• No Effect on Operational Characteristics 

• Relatively Inexpensive 

• Simple 

CONS 

• Implementation Problems 

• No Fuel Economy Benefits. 
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5.4 


DIESEL COMBUSTION CHAMBERS 


Since the principles of compression ignition (diesel) are well 
established and understood, a detailed explanation is omitted. The diesel 
combustion chamber concepts investigated are described in Sections 5.4.1 
and 5.4.2. 


5.4.1 Four-Stroke Open Chamber Diesel 

This concept. Figure 13, is characterized by high pressure fuel 
injection through a multiple orifice directly into the clearance space or 
chamber between the piston and cylinder head. Intake valve shrouding or 
intake port design is utilized to impart swirl to the unthrottled air 
charge. This air swirl moves the unsprayed air into the fuel spray. Small 
clearance volume induces high turbulence as the gases are forced out of 
the small clearances and agitates the mixture. The combustion is com- 
pression initiated and results in high temperatures and high pressures 
which necessitate more stringent structural considerations than the spark 
ignition counterpart with attendant cost, weight, and size implications. 

Only the open chamber concept was considered due to marginal cool- 
ing potential for a prechamber configuration in which the combustion process 
has relatively high fluid friction and heat transfer losses. 

Data from three four-stroke open chamber diesels (5, 10) were 
evaluated on the aircraft emission seven-mode cycle. Data from one engine, 
a Datsun, is suspect due to the extremely low NOx emissions. Nitric oxides 
for the other two cases exceed EPA limits by up to 90%. This high level 
resulted from the high peak temperatures incurred in diesels, even though 
equilibrium considerations suggest very low production for such lean opera- 
tion, i.e., 0,3 time weighted equivalence ratio. Carbon monoxide and HC 
were well below EPA standards for all three cases. 

The literature search produced the following Pros and Cons which 
further characterize the Four-Stroke Open Chamber Diesel: 

PROS 

• Low HC and CO Emissions for Aircraft Emission Cycle 

• Low Fuel Costs 

• Good Fuel Economy 

• No Air Throttling Requirements 

• Easily Turbocharged 

CONS 


• High NOx Emissions for Aircraft Emission Cycle 

• Poor Performance 

• Limited Speed Range 
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• Hard Starting 

• Exhaust Smell and Smoke 

• Expensive 

• Implementation Problems 

• Noisy 

• Heavy . 

5.4.2 Two-Stroke Diesel, McCulloch 

This concept is a turbocharged engine combining the two-stroke 
cycle with the diesel principle of operation. The existing prototype for 
which emission data were obtained is a radial configuration; however, the 
basic concept could be applied to horizontally opposed cylinder arrange- 
ments. A unique combustion chamber design (11, 12), Figure 14, is utilized 
to produce low peak pressures (1,100 psi) relative to the four-stroke diesel 
(1,600 to 2,000 psi). A portion of the chamber called the "poker" Is 
attached to the piston. The upper face of the poker is part of a toroid 
and has five or more equally spaced vertical slots about its cylindrical 
periphery. The cylinder head recess has a cylindrical lower section and 
an upper end which is one-half a toroid. The combustion process occurs 
in two stages. The first stage occurs during compression when the com- 
pressed air in the outer ring between the cylinder head and the outer top 
edge of the piston is forced through the vertical slots in the poker into 
the toroidal part of the chamber. Violent circular motion is imparted to 
the air in the toroid which tears the fringe from the injected fuel spray 
(8 deg BTDC) , mixes it with the heated air, and ignites it. As the pis- 
ton reaches TDC the gas flow reverses direction because of high toroid 
pressure and because the fuel spray core has reached the poker slots. 

The second combustion stage begins as the heated air carries the fuel 
spray core down the slot and into the space above the piston, incurring 
high turbulence as it does so. Fuel atomization and thorough fuel-air 
mixing occur as regulated burning takes place until the fuel injection is 
terminated. The burning mixture emerges from the slots and into the quench 
area, the purpose of which is to slow the burning rate and hold the mix- 
ture temperature down to minimize NOx formation. This technique is 
reflected in the low NOx emission (542! EPA standard) compared to that of 
conventional four-stroke open chamber diesels (up to 190% of the EPA 
standard) . This quenching may also account for the high HC emissions 
which exceed the EPA standard by 40%, whereas HC emissions for conven- 
tional four-stroke open chamber diesels was 53% below the EPA limit. 

The CO emission at 10% of the EPA limit was representative of lean opera- 
tion, 0.32 time-weighted equivalence ratio. The high HC emission forced the 
McCulloch two-stroke diesel into seventh position in tht emission ranking, 
which is just above the four-stroke diesel concept. It should be noted 
that the HC level is conservative since full power data were not avail- 
able and the rated power was reduced accordingly. Hydrocarbons should 
decrease for the higher speed/load conditions. 
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The Pros and Cons inherent in such a design are summarised below: 
PROS 


• High Power/Weight Ratio 

• Good SFC 

• Multi-Fuel Capability 

• Aircraft Configuration Prototype Built and Tested 

• Low Peak Pressures 

• Low CO and NOx Emissions for Aircraft Emission Cycle 

• Good Starting Characteristics 

• No Air Throttling Requirements 

9 Less Exhaust Smoke Than Conventional Diesels 

• Quieter Than Conventional Diesels 

CONS 


• Unproven Durability 

• High HC Emissions for Aircraft Emission Cycle 

• Turbocharging Required 

• Radial Configuration Not Readily Adaptable to Conventional Aircraft 

• Expensive. 


5.5 VARIABLE CAMSHAFT TIMING 


Variable Camshaft Timing was conceptually envisioned as a multi- 
piece camshaft. Figure 15, capable of rotating the intake cams relative 
to the exhaust cams. The purpose of this variability is to provide optimum 
valve overlap (a measure of time the intake and exhaust valves are open 
simultaneously) for all speed ranges. At low engine speeds low valve 
overlap is desired for good idle quality and HC control, while greater 
valve overlap is required at higher engine speed for efficient breathing. 

In evaluating variable camshaft timing, a general design concept 
(13) was assumed. The design has a central actuating member translatable 
along the camshaft axis of rotation. The angular position of the Intake 
cams relative to the exhaust cams can be altered without affecting the 
exhaust cams by sliding the central member in and out as a function of 
engine speed. It was assumed that such a design would fit within standard 
engine camshaft spaces without major engine modifications. The literature 
search (14) revealed that rotating the Intake cam rather than the exhaust 
cam was the more efficient means of reducing emissions by varying valve 
overlap. 


The emission reduction feature of variable camshaft timing is 
twofold. First, hydrocarbons (and fuel consumption) may be decreased at 
low engine speeds by retarding the Intake valve opening relative to the 
exhaust valve closure. ThiB eliminates much incoming charge ’’short 
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circuiting", i.e., being exhausted during the intake stroke. Second, NOx 
and HC reductions as well as good breathing can be provided at high engine 
speeds by increasing valve overlap, e.g., advancing the intake earns rela- 
tive to the exhaust cams. In this case, the difference between exhaust 
backpressure and intake manifold pressure forces some of the exhaust gases 
to reverse direction and flow back into the combustion chamber and Intake 
manifold. These residual exhaust gases dilute the incoming charge and 
curb NOx formation by limiting peak combustion temperature. This process 
is known as internal exhaust gas recirculation. The exhaust gases may be 
selectively recirculated because of exhaust gas stratification (14, 15) 
to effect a reduction in HC. Exhaust gas stratification means that the 
exhaust gases highest in HC are adjacent to the combustion chamber walls 
(quench gases) . Since these gases are the last portion of the exhaust 
gases to leave the cylinder, they comprise a large portion of the exhaust 
gases retained for charge dilution. Carbon monoxide effects in either 
case are minimal. 

Emission predictions for variable camshaft timing were based 
on Tiara 6-285-B data for idle, taxi, and approach modes and on IO-520-D 
Case 1 data for climb and takeoff. Tiara data were considered representa- 
tive of HC emissions that could be expected on the 10-520-D for low valve 
overlap in low speed modes. This is due to higher engine speeds of a 
geared engine in these modes and because of the comparatively low Tiara 
valve overlap. The Tiara emission data were taken at IO-520-D fuel-air 
ratios for the respective modes and corrected for flow rate differences . 

No exhaust emission reduction benefits from exhaust gas recirculation were 
assumed for the 10-520-D because the design point for valve overlap is at 
high engine speed, i.e., large valve overlap already exists on the 10-520-D 
and no increase in internal exhaust gas recirculation would be expected 
from variable camshaft timing as defined here. 

Consistent with the literature (13, 14) , CO remained essentially 
unchanged from the standard engine value, exceeding the EPA limit by 27%, 
and was the determining factor in Variable Camshaft Timing being ranked 
tenth. Hydrocarbons were reduced by 49% of the EPA standard (from 97% 
to 48%) relative to the standard engine. Nitric oxide emissions remained 
essentially unchanged at 33% of the EPA standard. 

The literature search produced the following Pros and Cons which 
further characterized Variable Camshaft Timing: 

PROS 

• Minimal Hardware Change 

• Minimal Weight Penalty 

• Improved Performance 

• Reduced HC Emissions for Aircraft Emission Cycle 


23 


CONS 


• Complex Mechanism 

• Little Effect on CO and NOx for Aircraft Emission Cycle 

• Unproven Design. 


5.6 IMPROVED FUEL INJECTION SYSTEMS 

An Improved Fuel Injection System will mechanically provide moder- 
ate high pressure fuel flow (100 to 200 psi) meterud as a function of 
engine air flow hy monitoring and responding to intake manifold pressure, 
temperature, and engine speed. The system will be timed to supply a fuel 
mist to each intake valve as it opens. Cylinder mixture formation will 
be improved through the use of pintle nozzles. Figure 16, which will pro- 
mote better fuel atomization than the current continuous flow nozzle used 
by TCM, Figure 17. Such a system will result in a more homogeneous fuel- 
air mixture within each cylinder and decrease cylinder-to-cylinder fuel- 
air ratio variation, provided an even air distribution is supplied by the 
intake manifold. This will allow leaner operation without the attendant 
operational problems with carburetted or conventional (low pressure) fuel 
injection systems while providing the fuel-air ratio necessary to maintain 
low exhaust emissions at all load conditions. 

A system manufactured by Simmonds Precision Products, Inc. (16) 
which meets all the above requirements was utilized for evaluation of the 
concept based on the cost-effectiveness criteria. In this system, a multi- 
plunger, axial-driven pump rotates a wobble plate. Figure 18. An oil- 
operated servo system responding to manifold pressure and temperature 
varies the stroke of the pump. Fuel distribution from the individual 
plungers to the designated injection nozzle is coordinated by a valving 
mechanism which permits each plunger to deliver fuel to two different 
cylinders on alternate crankshaft revolutions. This is necessary on this 
particular unit because the pump is driven at engine crankshaft speeds in 
order to inject over a 180-degree period. On a six-cylinder engine, for 
instance, each of three plungers supplies fuel to two different cylinders. 

For the purpose of predicting exhaust emissions for operation with 
such a system, the fuel-air ratios that could be maintained for the seven- 
mode aircraft cycle were defined as a time-weighted equivalence ratio 
range of 1.03 to 1.13. Exhaust emission reductions were based on the 
10-520-D engine. Figure 3, resulting in absolute emission levels of 55%, 
90%, and 58% of the EPA standard for HC, CO, and NOx, respectively, and 
in an emission ranking of third for the Improved Fuel Injection System. 

The literature search produced the following Pros and Cons which 
further characterized an Improved Fuel Injection System: 
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PROS 


• Less Cylinder-To-Cy Under Fuel-Air Ratio Variation 

• Versatile, i.e.. One Design for All Applications 

• Improved Engine Response 

• Better Specific Fuel Consumption 

• Minimal Weight Penalty 

• Air Flow Sensitive Fuel Flow 

• Timed Fuel Flow, i.e.. No Fuel Accumulation 
Between Intake Strokes 

• Increased Fuel Atomization 

• Low Emissions for Aircraft Emission Cycle 
CONS 

• Expensive 

• Close Manufacturing Tolerances Required 

• Possible Cylinder Head Cooling Problems. 


5.7 ULTRASONIC FUEL ATOMIZATION 


This concept achieves good fuel atomization, i.e., breaking fuel 
down to small droplet diameter, over a wide range of operating conditions 
by separating the fuel-air metering requirements from the atomization 
requirement. Better atomization provides a more homogeneous fuel-air 
mixture for delivery to the cylinders and decreases cy.linder-to-cyllnder 
fuel-air ratio variations which extends lean-burn capability. Various 
means are available for providing segregated fuel atomization, some of 
which claim an order-of-magnitude reduction In fuel droplet diameter. 

Some systems employ mechanical agitation of an ultrasonic driver mounted 
in the carburetor throat. The principle of operation is similar to spray- 
ing a liquid on the diaphragm of an operating compression type hi-fi 
"tweeter" (17). The transducers used for this application may be a magne- 
tostrictive type or a piezoelectric type driven at frequencies from 20 to 
40 kHz into a half horn. 

No raw emission data were obtained for ultrasonic fuel atomization. 
To rank the concept for emissions relative to the other thirteen concepts 
it was assumed to have the same emission reduction potential as Thermal 
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Fuel Vaporization (Section 5.8). This approach was taken because both 
concepts have essentially the same end result, l.e., homogeneous fuel-air 
mixture with decreased cylinder-to-cylinder fuel-air ratio variation. The 
predicted emission levels are presented in Table I and result in a rating 
of 12 for Ultrasonic Fuel Atomization, one position below Thermal Fuel 
Vaporization. The literature search produced the following Pros and Cons 
which further characterized Ultrasonic Fuel Atomization: 

PROS 


• Increased Fuel Atomization Over a Wide Range of 
Operating Conditions 

• Reduced HC Emissions for Aircraft Cycle 

• Function Independent of Ambient Temperature 

• Fail-safe 

• Better Starting Characteristics 

• Relatively Inexpensive 
CONS 

• Possible Power Requirements 

• Primarily for Carburetted Applications 

• Implementation Problems 

• Possible Increased Frontal Area 

• No Effect on CO and NOx Emissions for Aircraft 
Emission Cycle 


5.8 THERMAL FUEL VAPORIZATION 


This concept promotes a more uniform fuel-air mixture through 
utilization of waBte exhaust heat. The Ethyl Corporation version of the 
concept, termed the Turbulent Flow System (TFS) (9) was considered a 
typical Thermal Fuel Vaporization system for the purposes of Task II. 

The system, designed for carburetted applications. Includes a specially 
designed intake manifold called the Turbulent Flow Manifold (TFM). The 
purpose of this manifold is to utilize exhaust heat, increased mixing 
length, and a turbulence generating geometry to provide better fuel-air 
mixture preparation. The result has been some direct extension of the 
lean limit, but, more Important, It has helped to ensure that all 


26 


cylinders consistently receive a fuel-air charge that is richer than the 
lean limit at time of ignition. This improves the poor operational char- 
acteristics generally associated with lean mixtures. An additional claim 
for the TFM is alleviation of cycle-to-cycle fuel-air ratio variation by 
delivering the above homogeneous mixture into a plenum at low velocity so 
that the tank will be filled uniformly and evenly withdrawn by the individ- 
ual cylinders. This prevents the formation of large unstable vortices in 
the intake manifold which collapse in random fashion under certain condi- 
tions. 


The TFM illustrated in Figure 19 is for water-cooled applications; 
however, exhaust gases could serve as the heating media for air-cooled 
engines. The mixing tube extends beneath the primary barrel (s) of the 
carburetor and terminates in the conditioning chamber. The conditioning 
chamber is located beneath the plane of the intake manifold with exit 
tubes leading from the top of the conditioning chamber to the floor of 
the intake manifold. Portions of the conditioning chamber exterior are 
heated by engine coolant (or exhaust gas for air-cooled applications) . 

This inherent increase in mixing length provides much better fuel-air 
mixing of the two jets set up downstream of the throttle plate by increas- 
ing time for expansion and formation of one stream. Lips on the walls 
above the primary mixing tube aid in the single jet formation but also 
reentrain any liquid fuel which might collect on the walls. The TFM with 
its 180-degree change in direction in the conditioning chamber collects 
large fuel droplets in the conditioning chamber and vaporises them with 
heat. 


Raw emissions data from two engines, an American 350 CIO V-8 and 
a European 121 CID 1-4, were obtained from Ethyl Corporation and eval- 
uated on the aircraft emissions seven-mode cycle. The results were incon- 
sistent for the two engines. The results for the American V-8 seemed 
more reasonable because of the predictable insignificant effect on NOx, 
whereas for the European four-cylinder the NOx was reduced by almost 60%. 
For that reason, the results of the American V-8 data analysis were used 
for ranking the TFM emission reduction potential relative to the other 
concepts. As expected, only HC emissions were reduced (39%) with the 
addition of the TFM, which resulted in Thermal Fuel Vaporization being 
ranked eleventh for the emission ranking. 

The Pros and Cons associated with Thermal Fuel Vaporization are: 

PROS 


• Less Cylinder- to-Cy Under Fuel-Air Ratio Variations 

• Increased Intake System Fuel and Air Turbulence 

• No Power Requirements 

• Relatively Inexpensive 

• Durable 

• Reduced HC Emissions for Aircraft Emission Cycle 

• Improved Lean Operation Characteristics 

• Fail-safe 

• Low HC Emissions for Aircraft Emission Cycle 
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CONS 


• Primarily for Carburetted Applications 

• Possible Increased Frontal Area 

• Implementation Problems 

• No Effect on CO and NOx Emissions for Aircraft Emission 
Cycle . 


5 . 9 IMPROVED IGNITION SYSTEMS 

Conventional aircraft piston engine Ignition systems employ fixed 
timing and single-spark firing. Two potential improvements for existing 
systems, therefore, are multiple-spark firing and spark timing variability. 
Representative systems capable of providing these improvements are pre- 
sented In Sections 5.9.1 and 5.9.2. 

5.9.1 Multiple Spark Discharge Ignition 

This concept was envisioned as a high-energy, capacitive-discharge 
ignition system capable of providing a series of ignition sparks with fast 
voltage rise time '•hrough 20 degrees of crankshaft rotation. The principle 
of operation is that ignition (particularly of a lean mixture) is more 
likely to occur if a series of high-energy, fast-rise sparks over some 
time interval is applied to the mixture rather than a single slow-rise 
spark of decreasing magnitude, for less time. Figure 20. A typical sys- 
tem is manufactured by Autotronic Controls Corporation for automobile 
applications but could be adapted to aircraft systems. This particular 
system was considered for the purpose of evaluating the Multiple Spark 
Discharge Ignition concept. 

The literature search (18) indicated that lean misfire limit 
extension over conventional ignition systems is the primary benefit of 
the concept. The improvement was found to decrease for increasing load. 

No emission reduction capability was demonstrated over a sizeable range 
of fuel-air ratios except for HC emissions which differed beyond the point 
of incipient misfire. For the purpose of ranking Multiple Spark Discharge 
Ignition based on emission reduction potential this theory was adhered 
to, i.e., emissions would not be affected for a given fuel-air ratio above 
the lean limit of a conventional system. 10-520-D Case 1 emission levels 
were assumed to be the standard. As a result, the Multiple Spark Discharge 
Ignition System was ranked last. Table 1. 

The literature search produced the following Pros and Cons which 
further characterized the Multiple Spark Discharge Ignition System: 
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PROS 


• Improved Ignition Under All Operating Conditions 

• Better Starting Characteristics 

• Relatively Easily Implemented 

• Minimal Weight Penalty 

• Relatively Inexpensive 

CONS 

• Possible Radio Frequency Interference 

• No Emission Reduction Potential Has Been Demonstrated. 

5.9.2 Variable Timing Ignition 

A Variable Timing Ignition System would employ methods of advancing 
and retarding spark timing as a function of speed/load conditions such as 
the conventional automotive centrifugal/vacuum system. Spark timing vari- 
ability would improve transient operation and reduce incipient lean fuel- 
air limits imposed by acceleration problems. The effect of ignition timing 
on the Tiara 6-285-B lean misfire limit is presented in Figure 21. 

Estimated leaning potential on the 10-520-D resulted in CO, HC, and 
NOx emissions of 116%, 85%, and 35% of EPA standards, respectively. These 
levels were predicated on Variable Timing Ignition improving transient 
operation at idle, taxi, and approach modes since 10-520-D "safety butt- 
lines" at these modes were established as inadequate acceleration. The 
quantity of improvement was defined as that required to alleviate acceler- 
ation problems at the richest fuel-air ratio at which transient problems 
were encountered during lean-out testing of the uninstalled engine. This 
method resulted in fuel-air ratios richer than existing "safety butt-lines" 
but leaner than best power fuel-air ratios (Case 1) for the above modes. 
Best power (Case 1) fuel-air ratios were used for climb and takeoff modes. 
The resultant exhaust emissions are considered conservative because at the 
fuel-air ratios chosen only transient hesitation was noted rather than 
complete response failure. Variable Timing Ignition should easily pro- 
vide at least the minimum improvement required for satisfactory transient 
operation at the above conditions. 

Additional benefits from a vacuum advance would be smoother oper- 
ation at light loads while maintaining or Improving the lean mixture 
combustion in the cruise range. The former effect could be realized 
through spark retardation relative to the latter case, which requires 
early spark timing to compensate for the slow burning characteristics of 
lean fuel-air mixtures. A centrifugal (speed) advance would be required 
to compensate the initial flame speed for changes in engine speed. 

The literature search produced the following Pros and Cons which 
further characterized the Variable Timing Ignition concept: 
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PROS 


• Extended Lean Misfire Limit 

• Improved Acceleration 

• Improved Fuel Economy 

• Improved Light Load Operation 

• Reduced !iC and CO Emissions 

• Relatively Inexpensive 

• Relatively Easily Implemented 

CONS 

• Increased NOx Emissions 

• Ignition System Size Increase. 


5.10 HYDROGEN ENRICHMENT 


Hydrogen Enrichment is the process of mixing hydrogen with normal 
gasoline (or other hydrocarbon fuel) to form a fuel mixture with the lean 
flammability limit extended to ultralean fuel-air ratios. Ultralean oper- 
ation results in higher thermal efficiencies, hence lower fuel consumption, 
and low exhaust emissions that accompany lean operation in the fuel-air 
range possible. For the purposes of evaluating the concept in Task II, 
the system proposed by Jet Propulsion Laboratory (3) was considered typical. 
The proposed system reportedly requires relatively small modifications to 
aircraft engines (3) but high turbulence valves, combustion chamber shape, 
spark plug location, high energy ignition, and camshaft timing might 
require consideration to obtain maximum benefit from ultralean operation 
(17). 


Safety and logistics problems which could be associated with such 
a concept are reduced substantially by catalytically generating the hydro- 
gen from the gasoline on the aircraft as the engine requires it rather 
than storing gaseous or liquid hydrogen on board. Integration of a hydro- 
gen generator with a turbocharged fuel injected aircraft piston engine 
is illustrated schematically in the simplified flow diagram of Figure 22. 
Conventional operation without hydrogen enrichment is denoted by solid 
lines, whereas the dashed lines indicate the additional requirements (plus 
the generator and heat exchanger) for Hydrogen Enrichment. For the latter 
mode of operation, some of the fuel and compressed air are diverted to the 
generator where they are heated, mixed, and passed into a hot catalyst bed 
where partial oxidation decomposes the mixture to form a hydrogen-rich 
product gas. (At input fuel flow rates of less than 18 Ibm/hr, the vari- 
ation of hydrogen produced is reported to be very nearly linear with fuel 
input with approximately 8.5 lbra of fuel consumed to generate 1.0 lbm of 
hydrogen.) To avoid thermal distress in the air Induction system and 
maintain high volumetric efficiency, the product gas is passed through an 
air/gas heat exchanger to reduce the temperature of the product gas prior 
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to engine induction. No raw emissions data were available for determining 
the exhaust emission reduction potential for an aircraft piston engine 
utilizing Hydrogen Enrichment. The Jet Propulsion Laboratory (3) predicted 
emission characteristics for a standard aircraft engine utilizing Hydrogen 
Enrichment. The predictions were based on the assumption that the corre- 
lations of indicated specific emission production with equivalence ratio 
are valid. The data base utilized in generating these representations at 
richer equivalence ratios (>1.1) was for a TCM I0-520-D engine. Data for 
ultralean operation were obtained by JPL for a 350 CID V-8 engine operating 
with both straight gasoline and mixtures of gasoline and hydrogen-rich 
gases from a hydrogen generator. Reasonable coalescence occurred where 
the data sets joined. Hydrogen Enrichment emission levels for Task II were 
determined through the use of the above ultralean data and I0-520-D data. 

Idle, taxi, and approach modes emission rates (lbm pollutant/ indi- 
cated horsepower* hr) were defined by JPL data at 0.6 equivalence ratio. 

The corresponding values of indicated horsepower were calculated from known 
brake horsepower and friction horsepower characteristics for the I0-520-D 
engine. Hydrogen Enrichment was assumed nonopera tional at climb and take- 
off in order to maintain engine power. Emission levels for climb and 
takeoff were taken directly from IO-520-D data for Case 1 (best power). 

The method is outlined in Tables II and III. Applying Hydrogen Enrichment 
to the IO-520-D engine produced CO, HC, and NOx levels of 68%, 43%, and 
30% of the EPA standards, respectively, and resulted in Hydrogen Enrichment 
being ranked first for emission reduction potential. Table I. The litera- 
ture search produced the following Pros and Cons which further characterized 
Hydrogen Enrichment. 

PROS 


• Ultralean Operation 

• Improved Fuel Economy 

• Low Emissions for Aircraft Emission Cycle 

CONS 

• Increased Weight 

• Added Complexity 

• Increased Engine Nacelle 

• Costly 

• Performance Penalty. 

5.U AIR INJECTION 

Air Injection is an exhaust after-treatment concept that promotes 
secondary oxidation of incompletely oxidized carbonaceous species, CO and 
HC. The process is accomplished by adding supplementary air to the exhaust 
gases to provide an oxidizing environment. The conceptual design considered 
for the purposes of Task II evaluation included an engine-driven pump and 
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associated hardware, including tubing necessary to inject secondary air 
through injection nozzles located in the exhaust port of each cylinder. 

The feasibility of the concept is well-proven and has had widespread use 
in controlling automotive emissions. TCM demonstrated the exhaust gas 
thermal effects of air injection during Tiara 6-320 testing of an air- 
cooled exhaust valve concept, Figure 11. Thermocouples measuring exhaust 
gas temperatures at the port exits and at the turbocharger inlet indicated 
that the oxidation reaction occurred between those locations. The typical 
data for a particular engine fuel-air ratio (fuel flow) are presented in 
Figure 23 over the range of cooling air flows considered. The air flow 
actually reduces the exhaust gas temperature at the port exit, indicating 
that little or no oxidation has occurred up to that point. The turbo- 
charger inlet gas temperature increases, however, indicating that the 
reaction has occurred or is occurring at that point. At leaner engine 
fuel-air ratios where lower levels of HC and CO emissions would be pre- 
dicted, the turbocharger inlet temperature leveled off at the higher 
cooling air flows and showed indications of decreasing. This indicated 
that essentially complete oxidation had occurred and further Air Injection 
would only reduce the exhaust gas temperature. 

Bendix Corporation (19) evaluated the emission reduction potential 
of Air Injection on a TCM 0-200 engine. The results of that analysis were 
converted to terms that express the change in each pollutant per quantity 
of air injected as a function of equivalence ratio by the following: 

j [ (Pollutant )J Atr - [(Pollutant) J Ho Alr | 

[(Pollutant ) t j Wo Alr 

0 Air Injection Flow Rate /Engine Air Flow 


%A (Pollutant ) ^ 
% Air Injected 


where <}> is equivalence ratio and subscript i designates pollutant HC, CO, 
or NOx. These effects were applied to 10-520-D Case 1 (best power) 
emission data at the appropriate time-weighted equivalence ratio, assum- 
ing an Air Injection flow rate equal to 20% of the engine inlet air flow 
rate. A rate of 20% was selected on the basis of minimum Air Injection 
flow rate necessary to meet EPA standards for all three pollutants at 
reasonable pump size and power requirements. The results. Table I, placed 
Air Injection fourth in the emission ranking. 

The literature search produced the following Pros and Cons which 
further characterized Air Injection: 
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PROS 


• Simple 

• Fail-safe 

• Easily Implemented 

• Low Maintenance 

• Inexpensive 

• Minimal Weight Penalty 

• Proven Concept 

• Reduced HC and CO For Aircraft Emission Cycle 
CONS 


• Power Requirements 

• High Temperatures 

• Possible Increased NOx Emissions 


5.12 EMISSION RESULTS 


Figure 24 represents the emission levels for the concepts evalu- 
ated using raw emissions data. Shown for reference are the emission levels 
for the I0-520-D Case 1 and two automotive engines, a conventional high- 
production Chevrolet 350 CID V-8 engine and a high-performance BMW 121 
CID 1-4 engine. The Chevrolet engine was a 1975 model without a catalytic 
converter, exhaust gas recirculation, or secondary air injection. The 
BMW engine was a 1973 model lacking the same pollution control devices. 
Neither engine met the EPA aircraft emission standard. While CO and HC 
were within the limits, the oxides of nitrogen were well over ‘:he allowable 
emissions, as compared to 30% of the allowable emissions for the 10-520-D 
engine . 


Graphical representation of engine emissions as a function of 
time-weighted fuel-air equivalence ratio from Figure 24 and four current 
production TCM engines resulted in the generalised curves presented in 
Figure 25. Data from four TCM engines (IO-520-D, GTSIO-520-K, 0-200-A, 
and Tiara 6-285-B) operating at three mixture strength schedules, were 
utilized in developing the rich end of the curves. Emissions from all 
open-chamber four-stroke Otto cycle engines evaluated adhered very closely 
to these trends. Note that only a narrow band of seven-mode, time-weighted 
equivalence ratios, 1.03 to 1.13, exists where all three regulated pollut- 
ants are at or below the EPA limits. 

Conclusions which have been made from these analyses are: 

• Conventional automotive engines exceeded aircraft NOx limits 
(50% to 120%) ; HC and CO were below limits 

• The four-stroke open chamber diesel engine exceeded aircraft 
NOx limits (up to 90%); HC and CO were below limits 
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• Thermal Fuel Vaporization (Ethyl TFS) reduced HC 39%, 
with insignificant effects on CO and NOx. 

• The two-stroke diesel (McCulloch) produced less NOx 
than any other concept evaluated and was well below 
aircraft NOx and CO limits. Hydrocarbons exceeded 
the limit. 

• Texaco CCS, operating on gasoline or diesel fuel, 
produced CO and HC emissions well below the EPA 
Aircraft Standard; NOx limit was exceeded (20% and 
30%, respectively). 

• Honda CVCC met all EFA emission standards and was the 
best Stratified Charge Concept evaluated on overall 
emission reduction. 

• Ford PR0C0 exceeded NOx limits but was well below CO 
and HC standards. 

• The NOx emissions for all concepts evaluated, except 
the two-stroke diesel, exceeded those for the IO-520-D 
operating at fuel-air ratios from baseline to safety 
butt-line. 

• Generalized plots of open chamber four-stroke Otto 
cycle engine emissions as a function of time-weighted 
equivalence ratio are possible, Figure 25. 

• Only a narrow band of seven-mode time-weighted equiva- 
lence ratios exist where all three major pollutants 
are below EPA limits, Figure 25. 

Table I presents the percent of EPA exhaust emission standards 
assigned to each of the fourteen concepts and the resultant concept 
ranking for emissions. Values in the table were based on the previously 
discussed raw emission data analyses, assumptions, and considerations 
and reflect minimum projected levels without tolerance band consider- 
ations. 


34 


6. DECISION MODEL 


6.1 DECISION SITUATION 


It is desired that the necessary technology be developed to 
effectively and safely reduce general aviation piston engine exhaust 
emissions to meet the EPA 1980 emission standards. Major engine exhaust 
emissions being discharged are unburned HC, CO, and NOx. Further, it is 
desired to reduce these pollutants in such a way that they have minimum 
adverse effects on aircraft and engine cost, weight, fuel economy, and 
performance. Secondary emission reduction design considerations must be 
defined and analyzed to ensure that they do not penalize aircraft per- 
formance or significantly affect equipment configuration. The decision 
situation is: 

• Develop a set of cost-effectiveness criteria for 
evaluating and screening 14 emission reduction 
concepts so that three candidates may be chosen 
for further development. 


6 . 2 OBJECTIVES AND THE DECISION CRITERIA 

The primary objective is to reduce intermittent combustion air- 
craft engine exhaust emissions consistent with the EPA exhaust emission 
standards as indicated in Section 87.31 of Reference 20. The secondary 
objective is to reduce engine specific fuel consumption (SFC) without 
incurring a loss of engine rated horsepower. The decision criterion is: 

• Select the alternative concepts that effect the 
maximum opportunity to reduce engine emissions 
and SFC while minimizing adverse consequences to 
critical aircraft system design and performance 
characteristics . 


6.3 DEVELOPMENT OF CRITERIA AND ATTRIBUTES 


Cost and design emission reduction criteria were selected after 
extensive documentation review (21 through 50) and internal discussion. 
Further, the criteria (defined as "decision factors") are traceable to 
the NASA Request for Proposal (LeRC RFP No. 3-499786Q). A list of solution 
attributes (indicating a further breakdown of policy, monetary, and tech- 
nical issues pertinent to the criteria) were generated and used for eval- 
uating the merit and usefulness of emission reduction concepts. A solution 
attribute is defined as a subset of knowledge, considerations, and thoughts 
(sometimes intangible or ill defined) that identifies, particularizes, or 


supplements the meaning of the criteria. Solution attributes actually 
drive the definition of criteria elements. Table IV depicts a listing 
of the criteria used in this study. Sample listings of the attributes 
for each of the criteria elements are shown in Table V. These tables 
present a summary of attributes that played an important role in buttress- 
ing our understanding of the criteria and how they are related to emission 
reduction requirements. The assignment portion, to be used during the 
evaluation of the concepts, is also shown. Table VI presents a correlation 
of the number of attributes that were actually generated and used for a 
given criteria element as opposed to the partial listing shown in Table 
V. 


6.4 EVALUATION AND RANKING OF DESIGN CRITERIA 


Four evaluators were asked to make critical value judgments con- 
cerning the relative importance of the criteria as they would be used to 
assign merit to the emission reduction alternative concepts. A total of 
42 years of industrial experience in combustion analysis, equipment design, 
reciprocating and turbine engine development, and systems engineering is 
noted for the evaluation team. Tl;e criteria were ranked according to 
their importance as perceived by each evaluator. The method for accomplish- 
ing this task is explained in Reference 1. A model of the procedure, as 
used in the NASA Apollo-Skylab Space Program, is presented in Figure 26. 

Some liberty was taken to relate the emission reduction problem situation 
to the original decision model. These changes are depicted in Figure 27. 
Each evaluator reviewed the criteria and the associated attributes. The 
evaluators were then asked to choose between sets of criteria as to their 
relative importance. For example, given any pairwise combination of 
criteria elements, which ones are preferred? Are cost criteria more 
important than emissions criteria? What criteria should be ranked first 
and those last? Figure 28 shows a sample worksheet provided to each 
evaluator. The criteria choices were denoted by rows and columns. Criteria 
comparison choices were numerically recorded in each cell for the attend- 
ing row and column. By distributing a value whose interval lies between 
(0, 1) among criteria ith, criteria jth, and the associated uncertainty 
ijth, the evaluator logically orders the criteria to emphasize its impor- 
tance to him. Thus, the equation below illustrates a formal statement 
of the value assignment procedure between any pair of properties and the 
associated uncertainty: 


RELATIVE 
IMPORTANCE 
OF PROPERTY j 


1 - 


RELATIVE 
IMPORTANCE 
OF PROPERTY 



( ASSOCIATED 
UNCERTAINTY 
OF PROPERTY ij 


Property ith value assignment is recorded in the upper left-hand portion 
of the matrix cell, property jth value assignment is calculated as the 
complement of the matrix cell, and the associated uncertainty between the 
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properties is recorded in the lower right-hand portion of the cell as 
shown in Figure 29. Hence, by substituting arbitrary values for cost 
reliability, and the associated uncertainty, it follows that 




n 

1 


RELIABILITY ( ' 

') ' 1 

- COST ( i j - UNCERTAINTY / i j J 

\ 

- 1 

\ f \ / 

- 0.6 - 0.1 


= 1 

- 0.7 


= 0.3 


were the specific values assigned according to Figure 30. A total of 
105 pairwise choices were made. A simple logic check, based on the 
theory of transitivity, was made on the evaluator's choices to ensure 
consistent pairwise value judgments. Once the evaluator's value judgments 
were assigned and consistency established, a second computer program was 
used to rank his multidimensional complex criteria set. The criteria 
ranking emphasis coefficient is based on the theory of combinations as 
used to normalize the relative importance and uncertainty scores. An 
emphasis coefficient is associated with each criterion and it is defined 
as the sum of the importance scores for that criterion normalized by the 
total number of pairwise comparisons made. Table VII presents each 
evaluator's ranked criteria set. 


6 . 5 SYNTHESIS OF THE SOLUTION ALTERNATIVES 

The synthesis and description of the design concepts, designated 
as solution alternatives, actually began at contract initiation. Selection 
of the 14 alternatives occurred after the completion of a literature search, 
review of concept performance characteristics, and an implementation feasi- 
bility assessment . A comprehensive description of each design concept is 
presented in Section 5. 
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6.6 EVALUATION AND RANKING OF THE SOLUTION ALTERNATIVES 


Each evaluator was asked to make a value judgment concerning the 
choice among selected pairs of design concepts when traded off against 
a criteria element. It is desired to order the solution alternatives 
according to one's preference based on a weighted merit score that accounts 
for his value judgment and gives an indication of his confidence level. 

Each evaluator answered the questions and followed the assignment instruc- 
tions shown in Table V. The answers were scored on worksheets. Figure 31, 
to obtain a preliminary ordering of the solution alternatives with respect 
to the criteria elements. Seven worksheets were supplied to each evaluator 
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so he could record his notions and make a ' preliminary assessment of the 
alternatives. Other columnar schemes were used by some of the evaluators, 
but they are actually a variation of Figure 31. Where clusters of solution 
alternatives occurred and appeared to be ranked at the same level, they 
were reassessed and reordered within the ranking. The preliminary order- 
ing was used to logically organize facts, crystallize ill-defined notions, 
and recognize intangible ideas about the design concepts and the criteria 
elements. This procedure forced the evaluator to recognize his knowledge 
weakness and expertise strengths. 

Actual ranking of the concepts began after the above task was com- 
pleted. Its procedure is identical to that of ranking the criteria, except 
that the concern is now with selecting a concept with respect to a criteria 
element, as shown in Figure 32. That is, given the choice among alternative 
concepts, when traded off against the criteria, which ones are preferred? 

Is the Improved Cooling Combustion Chamber concept preferred over the Air 
Injection concept when considered from emission benefits, advantages, and 
disadvantages? These were the fundamental questions answered by each 
evaluator. The choices among pairwise solution alternatives were depicted 
numerically. By distributing a value among alternative ith, alternative 
jth, and the associated uncertainty ijth, the evaluator logically ordered 
the concepts to emphasize the importance to him. A total of 1,365 pair- 
wise choices (91 decisions for each of the 15 criteria elements) were made 
by each evaluator. Again, a consistency check was made to ensure a logical 
ordering of the evaluator's preferences. A second program that calculates 
the evaluator's merit scores (associated with his comparison of solution 
alternatives and criteria elements) was used after consistency was estab- 
lished. The procedure for the ranking of alternative solution approaches 
is similar to that of the criteria, as explained above. The calculation 
of the merit coefficient Is simply a summation of the product of criteria 
emphasis coefficients multiplied by the concept merit scores. The merit 
coefficient yields the statement of preference. An example of a concept 
comparison tradeoff evaluation for an evaluator is shown in Figure 33. 


6.7 SELECTION O F AN OPTIMUM SOLUTION ALTERNATIVE PREFERENCE DATA SET 

After each evaluator had established his individual criteria set 
and design concept preference ranking (and associated merit scores), he 
was directed to meet with his colleagues and select an optimized criteria 
and concept data set that reflects the consensus of the group. This was 
accomplished by arguing in favor of a generalized or explicit interpre- 
tation of the attributes/criteria elements, amalgamating ideas, compromis- 
ing individual differences, and forming an opinion that was tolerated by 
the evaluation group. The optimized criteria data set was selected first 
and then the group assembled an optimized concept data set. 
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Consider the individual criteria emphasis ranking in Table VII. 

The criteria are listed in order of highest ranking (largest numerical 
emphasis coefficient). The uncertainty coefficient is a measure of the 
evaluator's level of confidence in his value judgments (the larger numeri- 
cal value indicates less confidence). Summation of the emphasis and 
uncertainty coefficient equals unity. Each evaluator rated Emissions and 
Safety in the top 3 ranking. The remaining criteria are ranked consider- 
ably differently, however. Table VIII depicts the criteria ranking based 
on the consensus of the evaluators and is used as part of the input data 
to form an optimized solution approach. The formulation of the consensus 
involved three discrete tasks: 1) fine-tune the selected criteria data, 

i.e., make slight changes in value assignments, 2) input the selected 
criteria data into the computer program to determine the optimized emphasis 
coefficients, and 3) ensure that the criteria data really represent the 
group's attitude. Table IX shows an ordering of the criteria based on a 
simple arithmetic average of each evaluator's criteria ranking. However, 
after subsequent discussion, it became apparent that the group reordered 
its priorities and assigned a new criteria ranking as shown in the optimized 
case of Table VIII. 

A set of solution alternatives were arrived at in the same manner 
as the criteria set. Table X presents a summary of individual design 
concept preferences with associated merit and uncertainty coefficients. 

It should be realized that the individual preferences are a summation of 
the comparisons of concepts as a function of criteria tradeoff merit scores. 
Where possible, a consensus was reached to select an individual's data 
set that best satisfied the decision criterion. The Emissions and 
Performance tradeoff merit scores were slightly modified to meet the 
group's considered value judgment. The merit scores, together with the 
criteria emphasis set, formed the optimized input data for the solution 
approach. The rank order of the solution approaches shown in Table XI 
represents the consensus of the evaluators. The optimized preference 
listing of emission reduction design concepts was generated by the 
decision algorithm. Table XII is submitted as supportive data showing 
th*> optimized ranking for each concept as a function of the criteria. 


6.8 EXAMINATION OF THE DECISION CRITERION AND DESIGN CONCEPT CHOICES 


The optimized emission reduction criteria ranking and concept 
prefe"ence selection was evaluated for a reasonable fit to the decision 
criterion. Inspection of Table VIII shows that Emissions, Performance, 
and Fuel Economy rank within the top 40 percentile of 15 criteria elements. 
Emissions is ranked first; Performance, third; and Fuel economy, sixth. 

The above criteria elements are considered congruent with respect to the 
decision criterion since they are explicitly stated in the primary and 
secondary objectives as the needs to be satisfied. Safety, ranked second; 
Cooling, fourth; and Weight and Size, fifth, are important criteria design 
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considerations that are also included in the upper 40 percentile. The 
first seven criteria elements are considered the dominant requirements 
that have the greatest influence on the selection of solution alternatives. 

The Reliability requirement was considered marginally important in- 
sofar as two evaluators thought it should be placed in the upper 40 per- 
centile. However, Engineers 1 and 3 could not justify or substantiate a 
strong rationale that favored such high esteem for it. The consensus rele- 
gated Reliability to eighth position while the order of the first seven 
criteria elements prevailed. 

In most cases, the evaluators considered Technology, Operational 
Characteristics, and Maintainability and Maintenance moderately important 
but lacking in authority. This can be attributed to either the evaluator’s 
ignorance and unfamiliarity of how the criteria requirement relates to the 
emission reduction problem or the realization that they are coupled to a 
higher ordered criteria element that has already been satisfactorily 
answered. The same rationale is used for expressing the consensus for 
the last four ranked criteria. They do not significantly influence the 
selection of the solution alternatives at this time. This does not mean 
that Integration, Materials, Produc.ibility , and Adaptability are to be 
totally ignored. Most evaluators considered the above criteria of minor 
importance when selecting a design concept. However, the evaluators may 
indeed be forced to reassess their initial criteria ranking as subsequent 
tasks are pursued. 

Inspection of Figure 34 shows the optimized correlation matrix 
for each concept as a function of criteria rank ordering. The concepts 
are listed in order of their final ranking for the optimized preference 
analysis. The numbers shown at each intersection point represent the 
order of concept ranking based on the merit scores when compared with 
the criteria element. The Improved Cooling Combustion Chamber design 
concept is ranked first because it scores well among the dominant criteria 
elements, i.e., first for safety, cooling, and weight and size, and 
moderately well among the remaining four dominant criteria. The Improved 
Cooling Combustion Chamber ranked ninth with the emissions criteria, but 
the influence of the remaining dominant criteria elements forced this 
design concept to be the top ranked candidate. The Improved Cooling 
Combustion Chamber candidate was also ranked within the top three design 
concepts for each evaluator. 

The Improved Fuel Injection Systems and Air Injection design con- 
cepts are ranked second and third, respectivelv. Inspection of the 
dominant criteria (Figure 34) shows a relative high rank scoring for 
these two candidates when compared against the remainder of design con- 
cepts. Again, the Improved Fuel Injection Systems candidate was ranked 
within the top three design concepts for each evaluator. It becomes 
apparent that the further one proceeds down the list of design concepts. 
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the corresponding numerical ranking values increase in magnitude for the 
criteria elements, thus indicating lower utility. 

Table XI shows that the first four concepts offer considerable 
promise at meeting the decision criterion. When considered from the 
perspective of what is now known about small aircraft reciprocating 
engine emission reduction methods; the state-of-the-art for emission 
reduction technology; current industry in-progress emission reduction 
efforts; and the likelihood of meeting present and future EPA air quality 
standards, it is envisaged that the first six concepts offer a good 
chance of successful exploitation. The evaluators believe that the rank 
ordering of the design concepts, merit coefficient scores, and uncertainty 
coefficients are realistic and represent a true a«:l accurate estimate of 
their judgment. 


41/42 



ILLUSTRATIONS 


43/44 


PRECEDING PAGE BLANK NOT FILMEU 


Engine Description: 

Engine Displacement: 

Engine Rated Brake Horsepower: 
Fuel Hydrogen-Carbon Ratio: 



HD BE 
NAME 

ENGINE CONDITIONS 
REQUIRED 

DATA REQUIRED 

ACTUAL ENGINE 
CONDITIONS 

FUEL 

FLOW 

(Ib/hr) 

MASS 

AIR 0R FUEL- 
FLOW uk AIR 
(Ib/hr) RATIO 

INDUCTION AIR UPSTREAM 

HC 

riox 

CO 

co z 

°2 

MANIFOLD 

PRESSURE 

(in. 

Hg abs) 

ENGINE 

BRAKE 

HORSEPOWER 

(U 

ENGINE 

SPEED 

ENGINE 

TORQUE 

(ft/lb) 

ENGINE 

SPEED 

t.rpm) 

BE 

TEMPERATURE 

rn 

PRESSURE 

(in. 

Hg ahs) 

SPECIFIC 

HUMIDITY 

(lb/lb) 

Idle 

- ' 

600 rpm 




■ ■ 











Taxi 

- 

1200 rpm 




mm 











Take-Off 

100 

100* of 
Maximum Speed 















Cl lob 

eo 

St):, of 

Maximum Speed 















Approach 

40 

87': 0 f 

Maximum Speed 

















NOTES: 

HC - Total hydrocarbons in ppm Cx Hy by volume - Undiluted 
NOx - Total oxides of nitrogen In ppm by volume - Undiluted 
CO - Carbon monoxide in ppm or % by volume - Undiluted 
C02 - Carton dioxide in Dpm or* by volume - Undiluted 
O 2 - Oxygen in ppm or 1 by volume - Undiluted 

{or) gm/hr of Cx Hy 
(or) gm/hr of NOx 
(or) gm/hr of CO 
(or) gm/hr of OO 2 
(or) gm/hr of 0 Z 

(define x and y) 
(define x) 


If volumetric data is provided, please designate whether concentrations are wet or dry 
(water vapor removed) values. 
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FIGURE 2. I0-520-D, EMISSION CYCLE MIXTURE STRENGTH SCHEDULE 
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EXHAUST EMISSIONS (percent of EPA Standard) 


200 


150 h- 


LEGEND: 

BASELINE 

CASE 1 (LEAN LIMIT OF MODEL SPECIFICATION) 

CASE 2 {UNINSTALLED SAFETY LIMIT) 

CS33 ESTIMATED BAND FOR MEETING EPA 
EMISSION STANDARDS 
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TIME WEIGHTED FUEL-AIR EQUIVALENCE RATIO 


FIGURE 3. I0-520-D, EXHAUST EMISSION LEVELS FOR VARIOUS MIXTURE 

STRENGTH SCHEDULES 
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FIGURE 4. I0-520-D, EFFECT OF MODAL EQUIVALENCE RATIO ON 

CO, HC, AND NOx 
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FIGURE 7. TEXACO CONTROLLED COMBUSTION SYSTEM CONCEPT 




FIGURE 8. TYPICAL PORT LINER 
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VALVE NECK TEMPERATURE CHANGE-f r AIR - T N0 AIR 



TOTAL VALVE COOLING AIR FLOW - LBm/HR 


FIGURE 12. EFFECT OF VALVE COOLING AIR FLOW 
ON VALVE NECK TEMPERATURE 














"0" RINGS 


o 


FIGURE 17. TELEDYNE CONTINENTAL MOTORS FUEL INJECTOR 
NOZZLE ASSEMBLY 
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OIL DRAIN 



DELIVERY LINE 

TO INJECTOR ► 

NOZZLE 


MAIN DRIVE SHAFT 


FIGURE 18. PRESSURE-TEMPERATURE COMPENSATED FUEL INJECTION 
PUMP CONCEPT 
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SPARK DURATION - DEGREES OF CRANKSHAFT ROTATION 
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FIGURE 20. TYPICAL IGNITION SYSTEM WAVEFORMS 
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ENGINE: TIARA 6-285, S/N 700106 

O ~ TAKEOFF 
□ - CLIMB 
A - APPROACH 

SOLID SYMBOL - BASELINE FUEL FLOW 
SINGLE TICK- CASE 1 FUEL FLOW 
DOUBLE TICK- CASE 2 FUEL FLOW 


A 



IGNITION TIMING ~ DEG BTDC 

FIGURE 21. EFFECT OF SPARK TIMING ON LEAN MISFIRE LIMIT 
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FIGURE 23. EFFECT OF AIR INJECTION 


T6-320-35X 
3600 RPM 

FUEL AIR RATIO ~ .084 
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TURBOCHARGER INLET 

CLOSED SYMBOL— EGT AT 
PORT EXIT 
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PERCENT ALLOWABLE EMISSIONS 


LEGEND 


•CASE 1 

NOx DATA SUSPE 


TELEDYNE 

CHEVY 350 

CHEVY 350 

BMW 121 BMW 121 FORD 

HONDA 

CONTINENTAL 

10-520-D* 


WITH TURBULENT 
FLOW MANIFOLD 

WITH TURBULENT PROCO 
FLOW MANIFOLD 

CVCC 

1.23 

.93 

.92 

1.09 .96 .50 

1.01 

FIGURE 24. 

PERCENT ALLOWABLE EMISSIONS FOR 
EMISSION CYCLE 

CONCEPTS EVALUATED ON A 7-MODE AIRCRAFT 















PERCENT ALLOWABLE EMISSIONS 



27.3 


WHERE i - CYCLE MODE 

TIM = TIME IN MODE 
27.3= TOTAL CYCLE TIME 



FIGURE 25. PERCENT ALLOWABLE EMISSIONS VERSUS TIME WEIGHTED EQUIVALENCE 

RATIO FOR ENGINES EVALUATED ON A 7-MODE AIRCRAFT EMISSION CYCLE 
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OBJECTIVES 
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OF SOLUTION 
ATTRIBUTES 


REQUIRED OR DESIRED 
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FIGURE 26. APOLLO APPLICATIONS DECISION MODEL 
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FIGURE 27. ENGINE EXHAUST EMISSION REDUCTION DECISION MODEL 
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DATE 

RUN NO. 

EVALUATOR: PASS NO. 
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a 
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FIGURE 23. DECISION ANALYSIS CRITERIA EMPHASIS WORKSHEET 
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• QUESTION: WHICH CRITERIA IS MORE IMPORTANT COST OR RELIABILITY ? 

• SCORE RANGE: NUMERICAL INTERVAL IS BETWEEN [0, 11 

• NUMERICAL DISTRIBUTION: COST nj 

RELIABILITY nj 

ASSOCIATED UNCERTAINTY n f j 

L0~ 


FIGURE 29. VALUE ASSIGNMENT PROCEDURE 
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ASSOCIATED UNCERTAINTY n\[ 01 

1.0 1.0 

NOTE: THE RELIABILITY VALUE. 0.3, IS ASSIGNED 
TO MATRIX CELL 2. 1. 


FIGURE 30. ASSIGNMENT OF NUMERICAL VALUES 
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CRITERIA: Safety 


DEFINITION: 


Freedom from those conditions that can cause injury or deal 
or loss of equipment or property. 5afety also implies era] 
hazards, and fire prevention. 


VALUE 


ATTRIBUTES 


Are "fail-safe" principles incoporated 
into the design approach where failures 
would disable the system or cause a 
catastrophe through injury to personnel ,| 
damage to equipment, or inadvertent 
operation of critical equipment? 


2, Is the E^R design approach protected 
against "backfire"? 


Does the design approt (■ tend to 
minimize severe damage or Injury to 
personnel and equipment in the event 
of an accident or misuse? 


A. 


Does the E^R method or equipment 
impose operating constraints on 
either the engine ano, or aircraft? 


Have equipment components been 
located so that access to them by 
personnel during ground operation, 
maintenance, repair, or adjustment 
shall not require exposure to hazards 
such as bums, sharp points, cutting 
edges, or toxic atmospheres? 


If yes . 
Score (1 
better 
Score (0 
mi nimal 


a. If yes. 


a. If yes . 


a. If yes , s 


a. If yes , td 
score (1)J 
attributesu 


CRITERIA: Safety 


Sheet: — — 0 f — 


EVALUATOR: Engineer No. 1 



CRITFR1A: Safety 

Sheet: ^ .. of — — 

EVALUATOR: Engineer No. 1 
DATE: 

CONSTRAINTS: 

1. To make a relative valu 

2. If you are indifFerent 

3. If you don't want to ma 

CONSTRAINTS: 

1. To make a relative value judgement use (1), or null (D) for no or less value. 

2. If you are indifFerent to the choices of value, depict as (1) and (1). 

3. If you don't want to make a value judgement indicate (0) and (0). 
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REMARKS 




JUDGEMENT 

1 


CONCEPT NO. 13 
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FIGURE 31. SAMPLE OF CRITERIA VERSUS CONCEPT TRADEOFF EVALUATION AND PRELIMINARY 
ORDERING WORKSHEETS 
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EVALUATOR: 


CONCEPTS 1 2 3 

Honda Compound Vortex Controlled Combustion ~7 / 

V . — £■ 

2 Texaco Controlled Combustion System / 

3 Ford Programmed Combustion 

4 Improved Cooling Combustion Chamber 

5 Four-Stroke Diesel, Open Chamber 

6 Two-Stroke Diesel - McCulloch 

7 Variable Camshaft Timing 

8 Improved Fuel Injection System 

9 Ultrasonic Fuel Atomization - Autotronic System 

10 Thermal Fuel Vaporization - Ethyl Turbulent Flow System 

11 Multiple Spark Discharge System - Autotronics 

12 Variable Timing Ignition System 

13 Hydrogen Enrichment - Jet Propulsion Laboratory 

14 Air Injection 


FIGURE 32. DECISION ANALYSIS 
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PASS NO 
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*P RODUC t BI L I T Y 
CONCEPT 
I AIR INJECTION 
IMPROVED COO 
THERMAL FUEL 
ULTRASONIC F 
MULTIPLE SPA 
| VARIABLE TIM 
IMPROVED FUE 
HYDROGEN INJ 
VARIABLE CAM 
HONDA CVCC 
TEXACO CCS 
FORT PROCO 
[TWO-STROKE DIE 
FOUR-STROKE DI 


‘SAFETY 

CONCEPT 

IMPROVED COOLING COMBUSTION CHAMBER 
IMPROVED FUE 


MULTIPLE SPA 
VARIABLE TIM 
THERMAL FUEL 
ULTRASONIC F 
AIR 1NJECTIO 
HONDA CVCC 
HYDROGEN INJ 
VARIABLE CAM 
TEXACO CCS 
FORD PROCO 
TWO-STROKE DIESEL 
FOUR-Si ROKE DIESEj 


MERIT SCORES FOR 
CRITERIA VERSUS 
CONCEPTS 


‘EMISSIONS 



CONCEFi 

MERIT SCORE 

UNCERTAINTY 

HYDROGEN INJECTION, JPL 

0.09418 

0.01242 

IMPROVED FUEL INJECTION SYSTEMS 

0.08505 

0.01116 

IMPROVED COOLING COMBUSTION CHAMBER 

0. 0801 1 

0.01049 

AIR INJECTION 

0.07429 

0.01101 

TEXACO CCS 

0.06945 

0.01015 

FORD PROCO 

0.06560 

0.00845 

HONDA CVCC 

0.06110 

0.04073 

FOUR-STROKE DIESEL OCC 

0.06077 

0.00770 

TWO-STROKE DIESEL McCULLOCH 

0.05604 

0.00714 

VARIABLE CAMSHAFT TIMING 

0.05121 

0.00648 

THERMAL FUEL VAPORIZATION, ETHYL 

0.04637 

0.00576 

ULTRASONIC FUEL VAPORIZATION, AUTOTRONIC 

0.04154 

0.00516 

VARIABLE TIMING IGNITION SYSTEM 

0.03670 

0.00444 

MULTIPLE SPARK DISCHARGE SYSTEM 

0.03253 

0.00386 


FIGURE 33. SAMPLE OUTPUT OF CONCEPT COMPARISON TRADEOFF EVALUATION FOR ENGINEER NUMBER 2 
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CONCEPT 

C 

RITERIA 

DOMINANT 

SECONDARY 


MINOR 


EMISSIONS 

SAFETY 

PERFORMANCE 

COOLING 

WEIGHT AND SIZE 

FUEL ECONOMY 

COST 

RELIABILITY 

TECHNOLOGY 

OPERATIONAL 

CHARACTERISTICS 

MAINTAINABILITY AND 
MAINTENANCE 

INTEGRATION 

MATERIALS 



PRODUCIBILITY 

ADAPTABILITY 

IMPROVED COOLING COMBUSTION CHAMBER 

D 


6 

1 

1 


6 
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5 
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11 
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9 
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12 

VARIABLE CAMSHAFT TIMING 

TO 

13 

Iff 
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9 
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8 
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9 

V 
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2 
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11 
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10 
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10 
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FIGURE 34. CONCEPT RANK ORDERING VERSUS CRITERIA IMPORTANCE 



















































TABLES 
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PROJECTED MINIMUM EMISSIONS 
PERCENT £PA STANDARDS 


RANK 

CONCEPT 

CO 

HC 

NOx 

1 

Hydrogen Enrichment, OPL 

68. 

43. 

30. 

2 

Honda CVCC 

36. 

22. 

76. 

3 

Improved Fuel Injection Systems 

90. 

55. 

58. 

4 

Air Injection 

97. 

65. 

34. 

5 

Texaco CCS 

8. 

58. 

128. 

6 

Ford PROCO 

4. 

7. 

132. 

7 

Two-Stroke Diesel, McCullc;h 

10. 

140. 

54. 

8 

Four-Stroke Diesel, Open Chamber 

3. 

47. 

163. 

9 

Improved Cooling Combustion Chamber 

106. 

95. 

44. 

10 

Variable Camshaft Timing 

127. 

48. 

33. 

n 

Thermal Fuel Vaporization, Ethyi 

]?6. 

59. 

30. 

12 

Ultrasonic Fuel Atmoization, Autotronic 

126. 

59. 

30. 

13 

Variable Timing Ignition System 

116. 

86. 

35. i 

14 

Multiple Spark Discharge System 

126. 

97. 

30. ! 

* * : 

********* 




- 

| I0-520-D Case 1 {Exhaust Emission Reference Level) 

126. 

97. 

30. i 











TABLE II. I0-520-D POWER REQUIREMENTS BY OPERATING MODE 


MODE 

rpm 

BHP 

FHP 

IriP 

REMARKS 

Idle 

600. 

1 . 

5. 

6. 

BHP per test data 

Taxi 

1200. 

9. 

10. 

19. 

BHP per test data 

Take-off 

2850. 

300. 

46. 

346. 

Maximum rated power at speed 

Climb 

2565. 

240. 

39. 

270. 

80% maximum power/90% speed 

Approach 

2480. 

120. 

37. 

157. 

40% maximum power/87% speed 


! 



TABLE III- EXHAUST EMISSIONS FOR ENGINE WITH HYDROGEN ENRICHMENT 



— 



EMISSION RATE 

POLLUTANT PRODUCED/MODE 


TIME 

(hr) 



(lbm/ 

[HP • hr] 

X 10 3 


(lbm) 


MODE 

IHP 

4>_. 

NOx 

HC 

CO 

NOx 

HC 

CO 

Idle, Out 

0.0167 

6. 

0.6 

2.65 

8.82 

16.31 

0.0003 

0.0009 

0.0016 

Taxi, Out 

0.1833 

19. 

0.6 

2.65 

8.82 

16.31 

0.0092 

0.0307 

0.0568 

Take-off 

0.0050 

346. 

1.23 

2.08 

4.73 

361. 

0.0044 

0.0082 

0.625 

Climb 

0.0833 

279. 

1.20 

1.81 

3.23 

447. 

0.075 

0.06 

7.6 

Approach 

0.1000 

157. 

C.6 

2.65 

8.82 

16.31 

0.0416 

0.1385 

0.2561 

Taxi, In 

0.0500 

19. 

0.6 

2.65 

8.82 

16.31 

0.0025 

0.0084 

0.0155 

Idle, In 

0.0167 

6. 

0.6 

2.65 

8.82 

16.31 

0.0003 

0.0009 

0.0016 


Total Pollutant 









Produced/Cycle, lbm 




0.1333 

0.2476 

8,56 


Total Pollutant Produced/ 







Rated HP/Cycle, (Ibm/BHP) x 10 3 


0.444 

0.825 

28.5 


Percent Allowable Standard 

29.6 

43.4 

67.9 
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TABLE IV. SELECTED COST-EFFECTIVENESS CRITERIA USED TO EVALUATE THE ENGINE 
EXHAUST EMISSION REDUCTION DESIGN CONCEPTS 


• COST 

• MATERIALS 

• RELIABILITY 

• INTEGRATION 

• SAFETY 

• PRODUC1BILITY 

• TECHNOLOGY 

♦ FUEL ECONOMY 

• PERFORMANCE 

• WEIGHT AND SIZE 

• COOLING 

* MAINTAINABILITY AND MAINTENANCE 

• ADAPTABILITY 

• EMISSIONS 

• OPERATIONAL CHARACTERISTICS 






TABLE V. CRITERIA ELEMENT WITH A PARTIAL 
LISTING OF SOLUTION ATTRIBUTES 


Sheet: 


of 


CRITERIA: Cost 


DEFINITION: 


Cost is the dollars paid by an organization for an end item or service. Cost is the 
expected expenditure of money for planning, engineering, manufacturing, and supportive 
services to realize an effective E^R design solution approach. 


VALUE 


ATTRIBUTES 


ASSIGNMENT 


1 . 


Will the expected cost, to produce the 
design approach, be high (H}, moderate 
(M), or low (L>? 

ARSITRARY COST SCALE 
SCALE RANGE(S) 


Low 

Moderate 

High 


0 to 9 
100 to 999 
1,000 to 9,999 


2 . 


3. 


4 . 


Will the concept require considerable 
engineering analysis, tradeoff study, 
and evaluation to gain design adapta- 
Mllty/flexfbility? 


Can the concept be developed and 
integrated into a manufacturer’s product 
line by 1981, 1985, or 1986 (pessimistic 
cases)? If the concept can be developed 
before or by 1979 (optimistic case) then 
indicate the date. 


What test equipment is needed (large 
capital expenditures) to verify the 
E^R design approach? 


Give a ROM cost estimate range per 
concept unit: 

If ROM cost estimates cannot be made 
then indicate L, M, H per concept. 
Score (1) to the concept that has low 
cost indication and (0) to moderate 
or high. 


a. If yes, score (0); if no., score (1). 


If optimistic (developed before or by 
1979), score (1). If pessimistic, 
score (0) . 


a. 


Itemize mechanical and electrical/ 
electronic equipment required. Esti- 
mate the range (L, M, or H) of capital 
outlay to acquire, rent, lease, and 
fabricate such equipment. 
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TABLE V -Continued 
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TABLE V - Continued 


Sheet: _J nf 5 

CRITERIA: Safety 

DEFINITION: 

Freedom from those conditions that can cause injury or death to personnel, damage to 
or loss of equipment or property. Safety also implies crashworthiness, freedom from 
hazards, and fire prevention. 

VALUE 

ATTRIBUTES 

ASSIGNMENT 

1. Are "fail-safe" principles incoporated 

a. If yes, score (1), if no score (0). 

into the design approach where failures 

Score (I) to the concept that has 

would disable the system or cause a 

better "fail-safe" design features. 

catastrophe through injury to personnel. 

Score {0) for concept that has 

damage to equipment, or inadvertent 

minimal safety features. 

operation of critical equipment? 


2. Is the E^R design approach protected 

a. If yes, score (1). If no, score (0). 

against “backfire"? 


3. Ooes the design approach tend to 

a. If yes, score {1). If no, score (0). 

minimize severe damage or injury to 


personnel and equipment in the event 


of an accident or misuse? 


4. Does the E-Ir method or equipment 

a. If yes, score (0); if no, score (1). 

impose operating constraints on 


either the engine and/or aircraft? 


5. Have equipment components been 

a. If yes, to most safety attributes, then 

located so that access to them by 

score (!)• IT not yes to most safety 

personnel during ground operation, 

attributes, then score ( □} . 

maintenance, repal r, or adjustment 


shall not require exposure to hazards 


such as burns, sharp points, cutting 


edges, or toxic atmospheres? 

■ 


0.' *0OK 
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TABLE V - Continued 


Sheet: J of J 

CRITERIA: . Performance 
DEFINITION: 

The ability of an aircraft engine to meet the minimum propulsion requirements for a 
given airframe application. 

VALUE 

ATTRIBUTES 

ASSIGNMENT 

1. Which concept has the greater engine 

a. Score (1) for greater hp/Tb ratfo, and 

horsepower- to-weight ratio? 

(0) for less hp/lb. 

2. For a given rated hp, which concept 

a. For smaller, score (1); for larger. 

has the smallest engine frontal area? 

score (0). 

3. For a given rated hp, which E^R con- 

a. For larger, score (0); for smaller, 

cept has the smallest engine volume? 

score (1 ) . 

4. Which concept has the greatest 

a. Indicate (1) for greater potential 

potential for engine acceleration off 

and (0) for less potential 

idle, taxi, and approach? 


5. Which concept has the greatest 

a. If greater potential, score (1)‘- if 

potential for easy starting in cold 

less potential, score (0). 

and hot weather? 


6. Which concept has the greatest 

a. If greater potential, score (1); if 

potential for turbocharging? 

less potential, indicate (0). 

7. Which concept has the minimum fuel 

a, Indicate (1) for concept with lower 

octane number or performance number, 

requirement and (0) for concept with 

and cetane number requirement? 

greater requirement. 
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TABLE V - Continjed 


Sheet: _L__.of.JL_ 

CRITERIA: Fuel Economy 

DEFINITION: 

The fuel economy of an aircraft may be defined as the amount of useful work derived 
(i.e., moving the mass of the aircraft through a distance) per unit of fuel consumed. 

The assumption is that in a given airframe, a new concept engine is required to have 
the same brake horsepower output as the standard piston engine it replaces. 

VALUE 

ATTRIBUTES 

ASSIGNMENT 

1. For concepts of the same bhp and 

a. Score (1) for leaner, and (0) for 

weight does one concept run leaner 

not as lean. 

than another? 


2. For concepts of the same bp!i does one 

a. Score (1) for smaller engine frontal 

concept have a smaller engine frontal 

area and (0) for a larger engine 

area than another? 

frontal area. 

3. Does one concept have the potential 

a. Score (1) for "shows potential" and 

for further reductions in fuel economy 

(0) for "does not show potential" 

with advancing tecf.nology over another 


Concept. 


4. Can one concept use a larger variety 

\ 

?. If larger variety of fuel types are 

of fuel types than another? 

apparent, score (1); if not apparent. 

t 

score (0). 
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TABLE V - Continued 


CRITERIA: 


Emissions 


DEFINITION: 

Each concept must be evaluated on its projected potential to reduce HC, CO, and NOx 
per the EPA aircraft cycle regulations. 


ATTRIBUTES 


ASSIGNMENT 


What is the projected emissions in 
percent of EPS Standard for each 
pollutant? 


a. Indicate percent of emissions. 


Z. Based on the above percent of emissions, 
which concept has the greatest potential 
for meeting the EPA Standards? 


a. Indicate greatest potential (1), and 
less potential (0) , 



TABLE V - Continued 




Sheet: 1 of 3 

CRITERIA: . Weight and Size 


DEFINITION: 


Weight is defined as a unit ma.ss (kg or lb) of a functional subsystem (body) added to 
any airworthy aircraft system. Size is defined as any increase or decrease of "flat 
plate" and "wetted" area attributed to aircraft structure growth; addition of fittings, 
wire, and tubes that influences aerodynamic drag. 

VALUE 

ATTRIBUTES 

ASSIGNMENT 

1. Does the design approach lend itself 
to specifying an estimate of weight 
(lb) (+25i error), or can the growth 
weight be predicted over a three-year 
period? 

a. If response is no, score (0). If 

response is yes, score (1) and estimate 
weight. 

2. Does the E 3 R design concept imply 

that additional equipment must be added 
to the aircraft system? 

a. If yes, indicate (0). If no, indicate 
(1). ” 

3. Is it necessary to redesign the 
engine mounts to facilitate the 
design approach? 

a. If yes, score (0). If no, score (1). 

4. Is it necessary to increase frontal 
area of the engine cowling, and/or ram 
air scoop so that the e3r equipment can 
be accommodated? 

a. If yes, score (1) to the smallest size 
increase, or no increase In sl2e. 

Score (0) for the concept that has an 
Increase in size as compared to a 
concept that has no increase in size. 

5. Does the design approach extend the 
engine cylinder head into the air- 
stream. 

a. If yes, indicate (0), and if no, indi- 
cateTl). 
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TABLE V - Concluded 


Sheet: J of 4 

CRITERIA: Producibi llty 

DEFINITION: 

The ability of resources to be technologically converted Into functional end items so 
that needs can be fulfilled. We are concerned with the ease of manufacture and assembly 
of an end item, including access to its parts, tooling requirements, and realistic 
tolerances. 

VALUE 

ATTRIBUTES 

ASSIGNMENT 

1. Do you expect that the design approach 

a. If no, score {0): if yes, score (1). 

would use a greater number of standard 


parts, rather than specialized parts? 


2. Does the concept imply the need to use 

a. Score (1), if the concept does not 

close fitting manufacturing allowances 

require rigid manufacturing dimen- 

and rigid true dimensional tolerances? 

sional constraints. Score (0) if it 


does. 

3. What retooling is envisaged to 

a. Identify and list standard tooling. 

manufacture the E^R equipment? 

b. Score (1) for the concept that has the 


most identifiable machine tools. 


Score (0) for the least identifiable 


machine tools. 

4. Are standard fabrication and assembly 

a. 10 both concept and E 3 R 

procedures applicable for the concept 

equipment, score (1). If no to either. 

and the E 3 R equipment? 

score (0). 




< a.^ 
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TABLE VI. NUMBER OF SOLUTION ATTRIBUTES USED FOR 
DESCRIBING A CRITERIA ELEMENT 
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TABLE VII. ENGINE EXHAUST EMISSION REDUCTION CRITERIA EMPHASIS 
COEFFICIENTS AND RANK FOR ENGINEER NO. 1 


Sheet 


CRITERIA 

EMPHASIS COEFFICIENT 

UNCERTAINTY 

Emissions 

0.08000 

0.01599 

Reliability 

0.07429 

0.01695 

Safety 

0.07238 

0.01019 

Cost 

0.06857 

0.01842 

Fuel Economy 

0.06286 

0.01390 

Materials 

0.05810 

0.01610 

Producibility 

0.05333 

0.01089 

Performance 

0.05238 

0.02031 

Integration 

0.04857 

0.01371 

Maintainability and Maintenance 

0.04762 

0.01022 

Operational Characteristics 

0.04381 

0,01503 

Technology 

0.04286 

0.01146 

Cooling 

0.03619 

0.01157 

Weight and Size 

0.03048 

0.00986 

Adaptabi 1 i ty 

0.02857 

0.00543 


1 of 4 
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TABLE VII. ENGINE EXHAUST EMISSION REDUCTION CRITERIA EMPHASIS 
COEFFICIENTS AND RANK FOR ENGINEER NO. 2 - Continued 

Sheet 2 of 4 


CRITERIA 

EMPHASIS COEFFICIENT 

UNCERTAINTY 

Emissions 

0.09257 

0.01485 

Performance 

0.08400 

0.01910 

Safety 

0.08219 

0.01 337 

Cool i ng 

0.07524 

0.01516 

Weight and Size 

0.07419 

0.01033 

Cost 

0.06286 

0.01484 

Reliability 

0.06267 

0.00976 

Fuel Economy 

0.05667 

0.01046 

Technology 

0.05238 

0.00772 

Maintainability and Maintenance 

0.04428 

0.00896 

Operational Characteristics 

0.03990 

0.00825 

Producibility 

0.03476 

0.00903 

Integration 

0.02876 

0.00918 

Materials 

0.02581 

0.00606 

Adaptability 

0.01981 

0.00673 
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TABLE VII. ENGINE EXHAUST EMISSION REDUCTION CRITERIA EMPHASIS 
COEFFICIENTS AND RANK FOR ENGINEER NO. 3 - Continued 


Sheet 3 of 4 


CRITERIA 

EMPHASIS COEFFICIENT 

UNCERTAINTY 

Emissions 

0.08343 

0.01181 

Safety 

0.07733 

0.01410 

Reliability 

0.07257 

0.01410 

Fuel Economy 

0.06981 

0.01971 

Operational Characteristics 

0.06552 

0.01638 

Performance 

0.06505 

0.01495 

Weight and Size 

0.05867 

0.01657 

Integration 

0.05771 

0.01467 

Technology 

0.05171 

0.01495 

Adaptability 

0.04771 

0.01610 

Cooling 

0.04086 

0.01629 

Producibility 

0.03876 

0.01171 

Maintainability and Maintenance 

0.03676 

0.00610 

Cost 

0.02657 

0.00581 

Materials 

0.01229 

0.00200 
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TABLE VII. ENGINE EXHAUST EMISSION REDUCTION CRITERIA EMPHASIS 
COEFFICIENTS AND RANK FOR ENGINEER NO. 4 - Concluded 


Sheet 4 of 4 


CRITERIA 

EMPHASIS COEFFICIENT 

UNCERTAINTY 

Emissions 

0.10952 

0.00138 

Safety 

0.09667 

0.00746 

Performance 

0.08724 

0.00705 

Cooling 

0.07695 

0.00707 

Weight and Size 

0.07229 

0.01152 

Fuel Economy 

0.06981 

0.01019 

Cost 

0.06781 

0.01198 

Reliability 

0.05933 

0.00903 

Technology 

0.05457 

0.00659 

Operational Characteristics 

0.04200 

0.01059 

Maintainability and Maintenance 

0.04029 

0.00924 

Integration 

0.03324 

0.00295 

Materi als 

0.03029 

0.00305 

Producibility 

0.02933 

0.00210 

Adaptability 

0.02781 

0.00267 
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TABLE VIII. ENGINE EXHAUST EMISSION REDUCTION CRITERIA 
EMPHASIS COEFFICIENTS AND RANKING - OPTIMIZED 


CRITERIA 

EMPHASIS COEFFICIENT 

UNCERTAINTY 

Emissions 

0.10952 

0.00138 

Safety 

0.09676 

0.00750 

Performance 

0.08714 

0.00701 

Cooling 

0.07695 

0.00707 

Weight and Size 

0.07238 

0.01159 

Fuel Economy 

0.06990 

0.01020 

Cost 

0.06771 

0.01192 

Reliability 

0.05933 

0.00903 

Technology 

0.05548 

0.00658 

Operational Characteristics 

0.04200 

0.01059 

Maintainability and Maintenance 

0.04029 

0.00924 

Integration 

0.03324 

0.00295 

Materi al s 

0.03029 

0.00305 

Producibility 

0.02933 

0.00210 

Adaptability 

0.02781 

!■— — . ... „ 

0.00267 













TABU IX. ENGINE EXHAUST EMISSION REDUCTION CRITERIA ORDERING 
BASED ON A SIMPLE ARITHMETIC AVERAGE OF 
THE EVALUATORS' FINAL RANKING 


CRITERIA 

RANK 

Emissions 

1 

Safety 

2 

Performance 

3 

Reliability 

4 

Fuel Economy 

5 

Cost 

6 

Weight and Size 

7 

Cool ing 

8 

Operational Characteristics 

9 

Technology 

10 

Maintainability and Maintenance 

11 

Materials 

12 

Integration 

13 

Producibil ity 

14 

Adaptability 

15 
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TABLE X. ENGINE EXHAUST EMISSION REDUCTION CONCEPT PREFERENCE 
MERIT SCORE, AND RANK FOR ENGINEER NO. 1 


9 


Sheet 1 of 4 


CONCEPT 

RANK 

MERIT COEFFICIENT 

UNCERTAINTY 

Thermal Fuel Vaporization, Ethyl 

i 

0.06404 

0.03004 

Improved Cooling Combustion Chamber 

2 

0.05618 

0.02778 

Improved Fuel Injection Systems 

3 

0.05443 

0.03083 

Ultrasonic Fuel Atomization, Autotronic 

4 

0.05264 

0.03017 

Multiple Spark Discharge System 

5 

0.05199 

0.02832 

Texaco CCS 

6 

0.04931 

0.02932 

Ford PROCO 

7 

0.04655 

0.02889 

Variable Timing System 

8 

0.04278 

0.02735 

Air Injection 

9 

0.04037 

0.02452 

Two-Stroke Diesel, McCulloch 

10 

0.03913 

0.02425 

Honda CVCC 

11 

0.03853 

0.02040 

Four-Stroke Diesel , Open Chamber 

12 

0,03823 

0.02291 

Variable Camshaft Timing 

13 

0.03269 

0.01890 

Hydrogen Enrichment, JPL 

14 

0.03177 

0.01 766 
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TABLE X. ENGINE EXHAUST EMISSION REDUCTION CONCEPT PREFERENCE 
MERIT SCORE, AND RANK FOR ENGINEER NO. 2 - Continued 


Sheet 2 of 4 


CONCEPT 

RANK 

MERIT COEFFICIENT 

UNCERTAINTY 

Improved Cooling Combustion Chamber 

- 

1 

0.06195 

0.02917 

Air Injection 

2 

0.05478 

0.02845 

Improved Fuel Injection Systems 

3 

0.05416 

0.02544 

Thermal Fuel Vaporization, Ethyl 

4 

0.05300 

0.02726 

Hydrogen Enrichment, JPL 

5 

0.04922 

0.02226 

Ultrasonic Fuel Atomization, Autotronic 

6 

0.04915 

0.02525 

Multiple Spark Discharge System 

7 

0.04779 

0.02532 

Texaco CCS 

8 

0.04710 

0.02186 

Variable Timing System 

9 

0.04553 

0.02353 

Variable Camshaft Timing 

10 

0.04528 

0.02287 

Ford PROCO 

11 

0.04402 

C. 02022 

Two-Stroke Diesel, McCulloch 

12 

0.04303 

0.01969 

Honda CVCC 

13 

0.04014 

0.02260 

Four-Stroke Diesel , Open Chamber 

14 

0.03451 

0.01641 
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TABLE X. ENGINE EXHAUST EMISSION REDUCTION CONCEPT PREFERENCE 
MERIT SCORE, AND RANK FOR ENGINEER NO. 3 - Continued 


Sheet 3 of 4 


CONCEPT 

RANK 

MERIT COEFFICIENT 

UNCERTAINTY 

Improved Fuel Injection Systems 

1 

0.06759 

0.03360 

Air Injection 

2 

0.06530 

0.03127 

Improved Cooling Combustion Chamber 

3 

0.06402 

0.03455 

Multiple Spark Discharge System 

4 

0.05953 

0.03096 

Ultrasonic Fuel Atomization, Autotronic 

5 

0.05852 

0.03060 

Variable Timing System 

6 

0.05702 

0.03189 

Thermal Fuel Vaporization, Ethyl 

7 

0.04695 

0.02785 

Hydrogen Enrichment, JPL 

8 

u. 04527 

0.02627 

Variable Camshaft Timing 

9 

0.03605 

0.02434 

Honda CVCC 

10 

0.03024 

0.01965 

Two-Stroke Diesel, McCulloch 

11 

0.02898 

0.01910 

Four- Stroke Diesel , Open Chamber 

12 

0.02681 

0.01684 

Texaco CCS 

13 

0.02518 

0.01849 

Ford PROCO 

14 

0.02513 

0.01795 
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TABLE X. ENGINE EXHAUST EMISSION REDUCTION CONCEPT PREFERENCE 
MERIT SCORE, AND RANK FOR ENGINEER NO. 4 - Concluded 


Sheet 4 of 4 


CONCEPT 

RANK 

MERIT COEFFICIENT 

UNCERTAINTY 

Improved Cooling Combustion Chamber 

1 

0.05961 

0.02425 

Texaco CCS 

2 

0.05791 

0.02657 

Multiple Spark Discharge System 

3 

0.05668 

0.02721 

Improved Fuel Injection Systems 

4 

0.05629 

0.02337 

Ford PROCO 

5 

0.05219 

0.02453 

Variable Timing System 

6 

0.05112 

0.02668 

Air Injection 

7 

0.05057 

0.02369 

Thermal Fuel Vaporization, Ethyl 

8 

0.04799 

0.02215 

Variable Camshaft Timing 

9 

0.04722 

0.02542 

Two-Stroke Diesel, McCulloch 

10 

0.04582 

0.02532 

Honda CVCC 

11 

0.04083 

0.01962 

Ultrasonic Fuel Atomization, Autotronic 

12 

0.03782 

0.01985 

Four-Stroke Diesel, Open Chamber 

13 

0.03732 

0.01837 

Hydrogen Enrichment, JPL 

13 

0.03410 

0.01751 
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TABLE XI. ENGINE EXHAUST EMISSION REDUCTION CONCEPT PREFERENCE, 
MERIT SCORE, AND RANK - OPTIMIZED 


CONCEPT 

RANK 

MERIT COEFFICIENT 

UNCERTAINTY 

Improved Cooling Combustion Chamber 

1 

0.07294 

0.02391 

Improved Fuel Injection Systems 

2 

0.07084 

0.02165 

Air Injection 

3 

0.06540 

0.02096 

Multiple Spark Discharge System 

4 

0.06485 

0.02201 

Ultrasonic Fuel Atomization, Autotronic 

5 

0.05822 

0.02018 

Variable Timing System 

6 

0.05761 

0.02024 

Thermal Fuel Vaporization, Ethyl 

7 

0.05390 

0.01986 

Hydrogen Enrichment, JPL 

8 

0.04974 

0.01641 

Texaco CCS 

9 

0.04397 

0.01657 

Two-Stroke Diesel, McCulloch 

10 

0.04374 

0.01691 

Ford PROCO 

n 

0.04210 

0.01549 

Variable Camshaft Timing 

12 

0.04081 

0.01659 

Honda CVCC 

13 

0.04057 

0.01548 

Four-Stroke Diesel , Open Chamber 

14 

0.03471 

0.01432 




.1 ir,i^ •nari.v;, ■ , 


‘Jkiak*. 


Sujhnsae, 


j -*'-; vu >, ..l- . -_ - 



114 


TABLE XII. ENGINE EXHAUST EMISSION REDUCTION CONCEPT COMPARISON 
TRADEOFF EVALUATION MERIT SCORES - OPTIMIZED 


♦EMISSIONS 


Sheet 1 of 15 


CONCEPT 

MERIT SCORE 

UNCERTAINTY 

HYDROGEN ENRICHMENT, JPL 

0.09848 

0.01072 

HONDA CVCC 

0.09143 

0.01016 

IMPROVED FUEL INJECTION SYSTEMS 

0.08659 

0.00962 

AIR INJECTION 

0.08165 

0.00907 

TEXACO CCS 

0.07538 

0.00967 

FORD PROCO 

0.07066 

0.00900 

TWO-STROKE DIESEL, McCULLOCH 

0.06560 

0.00865 

FOUR-STROKE DIESEL, OPEN CHAMBER 

0.06066 

0.00796 

IMPROVED COOLING COMBUSTION CHAMBER 

0.05582 

0.00729 

VARIABLE CAMSHAFT TIMING 

0.05187 

0.00576 

THERMAL FUEL VAPORIZATION, ETHYL 

0.04692 

0.00521 

ULTRASONIC FUEL ATOMIZATION, AUTOTRONIC 

0.04209 

0.00468 

VARIABLE TIMING SYSTEM 

0.03714 

0.00413 

MULTIPLE SPARK DISCHARGE SYSTEM 

0.03220 

0.00358 
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TABLE XII 




CONCEPT 

IMPROVED COOLING COMBUSTION CHAMBER 
IMPROVED FUEL INJECTION SYSTEMS 
MULTIPLE SPARK DISCHARGE SYSTEM 
ULTRASONIC FUEL ATOMIZATION, AUTOTRONIC 
AIR INJECTION 
VARIABLE TIMING SYSTEM 
THERMAL FUEL VAPORIZATION, ETHYL 
TEXACO CCS 
FORD PROCO 

FOUR-STROKE DIESEL, OPEN CHAMBER 
TWO-STROKE DIESEL, McCULLOCH 
HONDA CVCC 

VARIABLE CAMSHAFT TIMING 
HYDROGEN ENRICHMENT, JPL 
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TABLE XII - Continued 


Sheet 3 of 15 


♦PERFORMANCE 


CONCEPT 

MERIT SCORE 

UNCERTAINTY 

IMPROVED FUEL INJECTION SYSTEMS 

0.09703 

0.01078 

TWO -STROKE DIESEL, McCULLOCH 

0.09132 

0.01092 

VARIABLE TIMING SYSTEM 

0.08604 

0.01022 

VARIABLE CAMSHAFT TIMING 

0.08000 

0.01081 

MULTIPLE SPARK DISCHARGE SYSTEM 

0.07615 

0.00903 

IMPROVED COOLING COMBUSTION CHAMBER 

0.06945 

0.01020 

HYDROGEN ENRICHMENT, JPL 

0.06560 

0.00858 

AIR INJECTION 

0.06088 

0.00792 

ULTRASONIC FUEL ATOMIZATION, AUTOTRONIC 

0.05462 

0.00783 

THERMAL FUEL VAPORIZATION, ETHYL 

0.04989 

0.00714 

HONDA CVCC 

0.04582 

0.00645 

TEXACO CCS 

0.04022 

0.00632 

FORD PROCO 

0.03549 

0.00561 

FOUR-STROKE DIESEL, OPEN CHAMBER 

0.03209 

0.00357 
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TABLE XII - Continued 


Sheet 4 of 15 


POOLING 


CONCEPT 

MERIT SCORE 

UNCERTAINTY 

IMPROVED COOLING COMBUSTION CHAMBER 

0.08769 

0.01931 

TEXACO CCS 

0.08264 

0.01892 

FORD PROCO 

0.07835 

0.01761 

HYDROGEN ENRICHMENT, JPL 

0.06802 

0.01165 

FOUR-STROKE DIESEL, OPEN CHAMBER 

0.05934 

0.03154 

TWO-STROKE DIESEL, McCULLOCH 

0.05582 

0.02958 

MULTIPLE SPARK DISCHARGE SYSTEM 

0.04637 

0.02785 

VARIABLE TIMING SYSTEM 

0.04286 

0.02595 

AIR INJECTION 

0.04077 

0.02246 

VARIABLE CAMSHAFT TIMING 

0.03538 

0.02229 

ULTRASONIC FUEL ATOMIZATION, AUTOTRONIC 

0.03099 

0.02105 

HONDA CVCC 

0.02901 

0.01202 

THERMAL FUEL VAPORIZATION, ETHYL 

0.02769 

0.01915 

IMPROVED FUEL INJECTION SYSTEMS 

0.02055 

0.01512 
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TABLE XII - Continued 


Sheet 5 of 15 


*WEIGHT AND SIZE 


CONCEPT 

MERIT SCORE 

UNCERTAINTY 

IMPROVED COOLING COMBUSTION CHAMBER 

0.10286 

0.01143 

IMPROVED FUEL INJECTION SYSTEMS 

0.09890 

0.01099 

MULTIPLE SPARK DISCHARGE SYSTEM 

0.09494 

0.01055 

VARIABLE TIMING SYSTEM 

0.090S9 

0.01011 

ULTRASONIC FUEL ATOMIZATION, AUTOTRONIC 

0.08703 

0.C0967 

AIR INJECTION 

0.08308 

0.0C923 

THERMAL FUEL VAPORIZATION, ETHYL 

0.07363 

0.00989 

HYDROGEN ENRICHMENT, JPL 

0.04956 

0.01198 

VARIABLE CAMSHAFT TIMING 

0.04692 

0.01462 

TEXACO CCS 

0.03011 

0.01275 

FORD PROCO 

0.02835 

0.01011 

HONDA CVCC 

0.02813 

0.00923 

TWO-STROKE DIESEL, McCULLOCH 

0.02648 

0.00978 

FOUR-STROKE DIESEL, OPEN CHAMBER 

0.01615 

0.00253 
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TABLE XII - Continued 


Sheet 6 of 15 


*FUEL ECONOMY 


CONCEPT 

MERIT SCORE 

UNCERTAINTY 

HYDROGEN ENRICHMENT, JPL 

0.09648 

0.01072 

TEXACO CCS' 

0.09143 

0.01016 

FORD PROCO 

0.08648 

0.00961 

TWO-STROKE DIESEL, McCULLOCH 

0.081 54 

0.00906 

IMPROVED FUEL INJECTION SYSTEMS 

0.07659 

0.00851 

IMPROVED COOLING COMBUSTION CHAMBER 

0.06989 

0.00972 

FOUR-STROKE DIESEL, OPEN CHAMBER 

0.06516 

0.00895 

HONDA CVCC 

0.06176 

0.00686 

THERMAL FUEL VAPORIZATION, ETHYL 

0.05692 

0.00532 

ULTRASONIC FUEL ATOMIZATION, AUTOTRONIC 

0.05198 

0.00578 

VARIABLE TIMING SYSTEM 

0.04703 

0.00523 

MULTIPLE SPARK DISCHARGE SYSTEM 

0.04209 

0.00468 

VARIABLE CAMSHAFT TIMING 

0.03714 

0.00413 

AIR INJECTION 

0.03220 

0.00358 
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TABLE XII - Continued 


Sheet 7 of 15 


*COST 


CONCEPT 

MERIT SCORE 

UNCERTAINTY 

AIR INJECTION 

0.09648 

0.01072 

MULTIPLE SPARK DISCHARGE SYSTEM 

0.08681 

0.01480 

THERMAL FUEL VAPORIZATION, ETHYL 

0.00231 

0.01394 

ULTRASONIC FUEL ATOMIZATION, AUTOTRONIC 

0.07758 

0.01302 

VARIABLE TIMING SYSTEM 

0.07308 

0.01216 

IMPROVED COOLING COMBUSTION CHAMBER 

0.07275 

0.00808 

IMPROVED FUEL INJECTION SYSTEMS 

0.06440 

0.00990 

VARIABLE CAMSHAFT TIMING 

0.05923 

0.00909 

FORD PROCO 

0.05516 

0.00792 

TEXACO CCS 

0.05033 

0.00724 

HONDA CVCC 

0.04484 

0.00719 

HYDROGEN ENRICHMENT, JPL 

0.04209 

0.00468 

TWO-STROKE DIESEL, McCULLOCH 

0.03714 

0.00413 

FOUR-STROKE DIESEL, OPEN CHAMBER 

0.03143 

0.00349 


8 a 


a a s ■ * 
**i7srl 


i 





I ( *1 Ii * i , * i 

*■■■•■ i i»v — v.— t *• — : l 






T 



121 


TABLE XII - Continued 


Sheet 8 of 15 


♦RELIABILITY 


CONCEPT 

MERIT SCORE 

UNCERTAINTY 

ULTRASONIC FUEL ATOMIZATION, AUTOTRONIC 

0.09011 

0.01538 

THERMAL FUEL VAPORIZATION, ETHYL 

0.08714 

0.01615 

IMPROVED COOLING COMBUSTION CHAMBER 

0.08319 

0.02780 

IMPROVED FUEL INJECTION SYSTEMS 

0.08154 

0.01407 

AIR INJECTION 

0.08088 

0.01363 

MULTIPLE SPARK DISCHARGE SYSTEM 

0.07967 

0.01593 

VARIABLE TIMING SYSTEM 

0.06308 

0.01604 

HYDROGEN ENRICHMENT, JPL 

0.05154 

0.01440 

TWO-STROKE DIESEL, McCULLOCH 

0.04747 

0.00967 

FOUR-STROKE DIESEL, OPEN CHAMBER 

0.04088 

0.00857 

FORD PROCO 

0.03571 

0.00714 

TEXACO CCS 

0.03220 

0.00736 

HONDA CVCC 

0.02692 

0.00824 

VARIABLE CAMSHAFT TIMING 

0.01945 

0.00582 
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TABLE XII - Continued 


Sheet 9 of 15 


♦TECHNOLOGY 


CONCEPT 

MERIT SCORE 

UNCERTAINTY 

IMPROVED FUEL INJECTION SYSTEMS 

r - 

0. 10110 

. . 

0.01648 

IMPROVED COOLING COMBUSTION CHAMBER 

0*09736 

0.01363 

AIR INJECTION 

0.09473 

0.01516 

MULTIPLE SPARK DISCHARGE SYSTEM 

0.08379 

0.01451 

ULTRASONIC FUEL ATOMIZATION, AUTOTRONIC 

0.07857 

0.01374 

THERMAL FUEL VAPORIZATION, ETHYL 

0.07637 

0.01374 

VARIABLE TIMING SYSTEM 

0.06165 

0.00978 

VARIABLE CAMSHAFT TIMING 

0.05231 

0.01473 

HYDROGEN ENRICHMENT, OPL 

0.04407 

0.01418 

HONDA CVCC 

0.03582 

0.01363 

TWO-STROKE DIESEL, McCULLOCH 

0.02516 

0.01000 

FOUR-STROKE DIESEL, OPEN CHAMBER 

0.02275 

0.01022 

TEXACO CCS 

0.02275 

0.00912 

FORD PROCO 

0.02165 

0.00802 
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TABLE XII - Continued 


Sheet 10 of 15 


♦OPERATIONAL CHARACTERISTICS 


CONCEPT 

MERIT SCORE 

UNCERTAINTY 

IMPROVED COOLING COMBUSTION CHAMBER 

0.07494 

0.03212 

MULTIPLE SPARK DISCHARGE SYSTEM 

0.07099 

0.03042 

AIR INJECTION 

0.06703 

0.02873 

THERMAL FUEL VAPORIZATION, ETHYL 

0.06330 

0.02713 

ULTRASONIC FUEL ATOMIZATION, AUTOTRONIC 

0.05956 

0.02553 

IMPROVED FUEL INJECTION SYSTEMS 

0.05571 

0.02388 

HONDA CVCC 

0.05198 

0.02228 

VARIABLE CAMSHAFT TIMING 

0.04802 

0.02058 

VARIABLE TIMING SYSTEM 

0.04418 

0.01893 

TEXACO CCS 

0.04055 

0.01738 

FORD PROCO 

0.03670 

0.01573 

HYDROGEN ENRICHMENT, JPL 

0.03275 

0.01403 

TWO-STROKE DIESEL, McCULLOCH 

0.02912 

0.01248 

FOUR-STROKE DIESEL, OPEN CHAMBER 

0.02516 

0.01078 
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TABLE XII - Continued 


Sheet 11 of 15 


^MAINTAINABILITY AND MAINTENANCE 


CONCEPT 

MERIT SCORE 

UNCERTAINTY 

IMPROVED COOLING COMBUSTION CHAMBER 

0.11769 

0.01308 

IMPROVED FUEL INJECTION SYSTEMS 

0.08527 

0.01802 

MULTIPLE SPARK DISCHARGE SYSTEM 

0.07725 

0.02055 

ULTRASONIC FUEL ATOMIZATION, AUTOTRONIC 

0.07121’ 

0.02000 

AIR INJECTION 

0.06769 

0.02022 

VARIABLE TIMING SYSTEM 

0.06319 

0.02912 

THERMAL FUEL VAPORIZATION, ETHYL 

0.06253 

0.01989 

HYDROGEN ENRICHMENT, JPL 

0.04187 

0.01637 

TWO-STROKE DIESEL, McCULLOCH 

0.03407 

0.01538 

VARIABLE CAMSHAFT TIMING 

0.03132 

0.01264 

HONDA CVCC 

0.02934 

0.01901 

FOUR-STROKE DIESEL, OPEN CHAMBER 

0.02560 

0.01396 

TEXACO CCS 

0.02440 

0.01407 

FORD PROCO 

0.02352 

0.01275 
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TABLE XII - Continued 


Sheet 12 of 15 


♦INTEGRATION 


CONCEPT 

MERIT SCORE 

UNCERTAINTY 

MULTIPLE SPARK DISCHARGE SYSTEM 

0.09593 

0.01136 

AIR INJECTION 

0.08066 

0.02099 

VARIABLE TIMING SYSTEM 

0.07846 

0.01780 

IMPROVED FUEL INJECTION SYSTEMS 

0.07242 

0.01840 

VARIABLE CAMSHAFT TIMING 

0.06110 

0.02407 

IMPROVED COOLING COMBUSTION CHAMBER 

0.06099 

0.01859 

HYDROGEN ENRICHMENT, JPL 

0.04978 

0.02441 

HONDA CVCC 

0.04747 

0.02125 

THERMAL FUEL VAPORIZATION, ETHYL 

0.04396 

0.01913 

ULTRASONIC FUEL ATOMIZATION, AUTOTRONIC 

0.04110 

0.01645 

TEXACO CCS 

0.03934 

0.01288 

FORD PROCO 

0.03429 

0.01215 

TWO-STROKE DIESEL, McCULLOCH 

0; 0341 8 

0.00713 

FOUR-STROKE DIESEL, OPEN CHAMBER 

0.02956 

0.00616 
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TABLE XII - Continued 


Sheet 13 of 15 


♦MATERIALS 


CONCEPT 

MERIT SCORE 

UNCERTAINTY 

MULTIPLE SPARK DISCHARGE SYSTEM 

0.10483 

0.01275 

IMPROVED FUEL INJECTION SYSTEMS 

0.09769 

0.01440 

IMPROVED COOLING COMBUSTION CHAMBER 

0.08967 

0.01253 

ULTRASONIC FUEL ATOMIZATION, AUTOTRONIC 

0.08396 

0.01165 

VARIABLE TIMING SYSTEM 

0.08165 

0.01176 

AIR INJECTION 

0.06934 

0.00978 

THERMAL FUEL VAPORIZATION, ETHYL 

0.06912 

0.01341 

VARIABLE CAMSHAFT TIMING 

0.04044 

0.01670 

TWO-STROKE DIESEL, McCULLOCH 

0.03879 

0.01615 

HONDA CVCC 

0.03868 

0.01297 

FOUR-STROKE DIESEL, OPEN CHAMBER 

0.03440 

0.01396 

FORD PROCO 

0.03143 

0.01363 

TEXACO CCS 

0.03033 

0.01253 

HYDROGEN ENRICHMENT, JPL 

0.02055 

0.00692 
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TABLE XII - Continued 


Sheet 14 of 15 


♦PRODUCIBILITY 


CONCEPT 

MERIT SCORE 

UNCERTAINTY 

AIR INJECTION 

0.08571 

0.02143 

IMPROVED COOLING COMBUSTION CHAMBER 

0.08132 

0.02033 

THERMAL FUEL VAPORIZATION, ETHYL 

0.07692 

0.01923 

ULTRASONIC FUEL ATOMIZATION, AUTOTRONIC 

0.07253 

0.01813 

MULTIPLE SPARK DISCHARGE SYSTEM 

0.06813 

0.01703 

VARIABLE TIMING SYSTEM 

0.06374 

0.01593 

IMPROVED FUEL INJECTION SYSTEMS 

0.05934 

0.01484 

HYDROGEN ENRICHMENT, JPL 

0.05495 

0.01374 

VARIABLE CAMSHAFT TIMING 

0.05055 

0.01264 

HONDA CVCC 

0.04615 

0.01154 

TEXACO CCS 

0.04176 

0.01044 

FORD PROCO 

0.03736 

0.00934 

TWO-STROKE DIESEL, McCULLOCH 

0.03297 

0.00824 

FOUR-STROKE DIESEL, OPEN CHAMBER 

0.02857 

0.00714 
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♦ADAPTABILITY 


CONCEPT 

MERIT SCORE 

UNCERTAINTY 

AIR INJECTION 

0.08571 

0.02143 

MULTIPLE SPARK DISCHARGE SYSTEM 

0.08132 

0.02033 

VARIABLE TIMING SYSTEM 

0.07692 

0.01923 

IMPROVED COOLING COMBUSTION CHAMBER 

0.06945 

0.02058 

THERMAL FUEL VAPORIZATION, ETHYL 

0.06560 

0.01938 

IMPROVED FUEL INJECTION SYSTEMS 

0.06154 

0.01813 

ULTRASONIC FUEL ATOMIZATION, AUTOTRONIC 

0.05747 

0.01688 

HYDROGEN ENRICHMENT, JPL 

0.05330 

0.01560 

VARIABLE CAMSHAFT TIMING 

0.04703 

0.01590 

HONDA CVCC 

0.04330 

0.01469 

TEXACO CCS 

0.03879 

0.01327 

FORD PROCO 

0.03484 

0.01201 

FOUR-STROKE DIESEL, OPEN CHAMBER 

0.03066 

0.01067 

TWO-STROKE DIESEL, McCULLOCH 

0.02659 

0.00938 
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APPENDIX A. RAW EMISSIONS DATA 


HtfcaiNG page blank noj ^ 


TABLE OF CONTENTS FOR APPENDIX A 


Concept Page 

Honda CVCC A-l 

Ford PROCO A- 3 

Texaco CCS 

• 183 CID Military Engine Operating on Gasoline A-5 

• 141 CID Plymouth Engine Operating on Gasoline A-8 

• 141 CID Plymouth Engine Operating on Diesel Fuel .... A- 10 

Four-Stroke Diesel 

• 407 CID International Engine A-12 

• 236 CID Perkins Engine A-14 

• 132 CID Datsun Engine A- 16 

Two-Stroke Diesel, McCulloch . . ......... A-18 

Thermal Fuel Vaporization, Ethyl 

• 350 CID Chevrolet Engine A-20 

• 121 CID BMW Engine A-25 


HONDA COMPOUND VORTEX CONTROLLED COMBUSTION 


DATA SOURCE : Southwest Research Institute (Ref. 5, p. B-16, Table B-19) 

ENGINE DESCRIPTION : 

Manufacturer: Honda Motor Co. 

Cylinder Arrangement: 1-4 

Displacement (in 3 ): 95.2 

Aspiration: Natural 

Rated (Maximum) Power: 63 hp at 5500 rpm 

OPERATING CONDITIONS: 


MODE 

REQUIRED 

ACTUAL 

BHP {%) 

■a 

Kill MUM 

mi 

Idle, In and Out 

- 


- 

1000. 

Taxi, In and Out 

- 


- 


Take-Off 

100. 


100. 

100.% 

Climb 

80. 


75. 


Approach 

40. 

87.% 

50. 

100.% 


ASSUMPTIONS : 

• Equilibrium values of CO 2 and O 2 used for all modes. 

• Fuel hydrogen-to-carbon ratio assumed to be 2.0. 
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95 CID HONDA COMPOUND VORTEX CONTROLLED COMBUSTION 


PBARQAV 

FUEL HYDROGEN- 

TAMb 

RATED 

CIO 

EXHAUST 

AVG H20 

IN AIR 


IN HG ABS 


CARBON RATIO 

DEG F 

HP 

INCH**3 

C — H FORMULA PERCENT 


A*. 700 


2.0CUC 

76.00 

63.00 

95.20 

1.000 1 . 

850 0.720 



UNITS 

MODE A 

NUDE 2 

MODE 3 

MODE 4 

MODE 5 

MODE 6 

MODE 7 

TOTAL 

TIME AN NODE 

MINUTES 

A. 00 

11. UO 

0.30 

5.00 

6.00 

3.00 

1.00 

27.30 

FUEL FLCh 

LB/HR 

A- 72 

A. 72 

30.d3 

25.53 

20.24 

1.72 

1.72 


AIR ft. Oh 

L8/HR 

27.70 

27.78 

367.79 

316.20 

276.51 

27.78 

27.78 


HYURCCAR8UN CONG. 

PPM-C 

636.00 

<>36.00 

1872.00 

1504.00 

100.00 

280. 00 

280.00 


OXIDES Of MTRUGEN CONG F PM 

86.00 

86.00 

801.00 

461.00 

962.00 

82.00 

82. 00 


CAHBCN HCNCXi OE GONG. 

PEkCENI 

0.26 

U.26 

2.84 

2.54 

0.46 

0. 25 

0.25 


CARBON OlUXiOE CONC. 

percent 

A2.I3 

12.13 

9.43 

10.20 

11.58 

12.13 

12.13 


OXYGEN CGNC- 

PERCENT 

1.20 

1.20 

0.0 

0.0 

0.0 

1.20 

1.20 


PROP. TOR CUt 

f T-LB 



60.23 

45.17 

30.11 




PROP. SPEED 

KPM 

100U.OD 

1000.00 

3500.00 

5300.00 

5500.00 

IQOU.OO 

lOGO.OO 


DRY BUGS TEMP 

UEG F 

68.00 

68.00 

75.70 

75.70 

80.20 

82.00 

82.00 


UET BULB TEMP 

UEG F 

60. GO 

60.00 

60.00 

60.00 

60.00 

60.00 

60. 00 



FUEL AIR HAT1U 

L8/L8 

0. 06248 

0. 06248 

0.08445 

0.03134 

0.07367 

0.06229 

0.06229 

0.06861 TA 

FUEL AIR EQUIVALENCE 

HAUL 

0.52 

0.92 

1.25 

1.20 

1.09 

0. 92 

0.92 

1.01 TA 

ENGINE DESERVED PURER 

HP 



63.07 

47.30 

31.53 




UBS BMEP 

PSI 



95.41 

71.55 

47.70 




OBS BSFC L8H/BHP— HR 



0.409 

0.540 

0.642 




EXHAUST MULE. Ml. LB/ LB-MuLE 

28.91 

28.91 

27.57 

27.80 

28.41 

28.91 

28.91 


RET CuRRECTIUN FACTOR 

— 

0.85066 

0.85066 

0.90985 

0.89910 

0.89713 

0.85582 

0.85582 


HC EMISSION RATE 

L 8 /HR 

0.00900 

0. 00900 

0.37557 

0.25648 

0.01449 

0.00396 

0*00396 


ML MASS / MODE 

LB 

Q.QUOiS 

0.00165 

0.00188 

0.02137 

0.00145 

0.00320 

0.00007 

0.02677 

HC MASS / RATED HP 

L8/HP 








0. 00042 

HC - PERCENT UF EPA 

SIAN OAR 0 








22.36 

CO EMISSION KATE 

LB/HP 

0.01466 

0.07466 

11.51486 

8.76120 

1.34572 

0.0 7005 

0.07005 


CD HASS / MODE 

LB 

0.00124 

0.01369 

0.05757 

0.73010 

0.13457 

0. 003 50 

0.00117 

0.94185 

CO MASS / RATED HP 

LB/HP 








0.01495 

CO - PERCENT OF EPA 

STANDARD 








35.60 

NOX EMISSION RATE 

LB/Hft 

0.D04C4 

0. 00404 

0.53287 

0.26068 

0.46237 

0.00385 

0.00385 


NOX MASS / MODE 

LB 

0*00007 

0.00074 

0.00266 

0.02172 

0.04624 

0.00019 

0.00006 

0.07169 

NOX HASS / RATED HP 

LB/HP 








0.00114 

NOX- PERCENT OF EPA 

STANDARD 








75.86 

CALCULATED FUEL AIR RATiU FROM 

EXHAUST GAS 

ANALYST S 







CAE. FUEL AIR RATIO 

LB/LB 

0.06465 

0.06465 

0.07747 

0.07594 

0.06904 

0.06438 

0.06438 

0. 06778 TA 

UIFF. REAS £ CAL. F/A 

PERCENT 

3.47 

3.47 

-8.2 7 

-6.64 

-6.28 

3.37 

3.37 

-1.20 TA 
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FORD PROGRAMMED COMBUSTION 


DATA SOURCE : Southwest Research Institute {Ref. 5, p. B-10, Table B-13) 

ENGINE DESCRIPTOR 

Manufacturer: Ford (Capri) 

Cylinder Arrangement: 1-4 

Displacement {in 3 ): 141 

Aspiration: Natural 

Rated (Maximum) Power: 73 hp at 4000 rpm 

OPERATING CONDITIONS: 


MODE 

REQUIRED 

ACTUAL 

BHP (%) 

^prn 

BHP {%} 

rpm 

Idle, In and Out 

- 

600. 

- 

900. 

Taxi, In and Out 

- 

1200. 

- 

900. 

Take-Off 

100. 

100.% 

100. 

100.% 

Cl imb 

80. 

90.% 

75. 

100.% 

Approach 

40. 

87.% 

50. 

100.% 


ASSUMPTIONS : 

• Equilibrium values of CO 2 and Og used for all modes. 

• Fuel hydrogen-to-carbon ratio assumed to be 2.0. 



A-3 



ORIGINAL PAGE IS 

OF POOR QUALITY a-4 


141 CZD CAPKi WITH FORO PROCO 


PBARCAV 

FUEL HVwRCGEN- 

lAMb 

IN HO A3S 


CAttoUN HA11U 

OEo F 

29.000 


E.CCOC 

bo. 00 


onus 

MUOe 1 

MUoc 2 

TIME IN MULE 

minutes 

1. CL 

11.00 

FUEL EL UR 

Lb/hk 

0.53 

0.53 

AIR FLUm 

L6/HR 

5a. 21 

5a. 21 

HVUKECAKECN CuNC. 

PPH-C 

t7«Lu 

37. Ou 

UAlOES OF MTRUutN COWL PPM 

CO. 00 

30.00 

CARbCN MUNuXIOE LuNC. 

PERCENT 

0. CO 

0.00 

CARbCN UiuXiuE CCN L . 

P rtvuciil 

l.EE 

l. bu 

OXYGEN cunl. 

PERCENT 

4.7.75 

17.75 

PROP. T uk C ot 

FI-Lu 



PROP. SPELL 

KPH 

9uC* CC 

900. UU 

DRY cClo 1 trP 

utu t 

C9.CU 

o9. 00 

h£T EULb TEMP 

lieu F 

bC * C C 

80.00 


FUEL AlK KATlO 

Ld/LO 

J. 00917 

0. 00917 

FUEL AIK Euul V ALENU c 

RATIO — 

0. 14 

0.14 

ERuiNt udSEkvtu PukEk 

HP 



obs emep 

PSi 



UbS BSPC LbM/aHP— HR 

EXhAuSl MULE. *T. Lb/LB-MOLE 

23.9b 

28.90 

MET CORRECT Urt FACTuR 

— 

0.Sb0^4 

C. 90034 

HC EMISSION KAIL 

LO/Hk 

o.ocies 

0.00189 

hC MASS / MODE 

Lb 

0. Coo 03 

0.0003s 

HC MASS / KATE 8 HP 

LB /HP 



he - percent of epa 

SlANuAKD 



cu emission raIc 

Lb/HR 

o. 00136 

C. 0013o 

CL MASS / Mul*E 

Lu 

U.UO002 

0.00023 

CO MASS 7 RAT 1 0 hP 

Lb/HP 



CO - PERCENT OF EPA 

a TAN CARD 



NLX EMISSION RA1 E 

t a /hr 

U.OC747 

0. 00 74 7 

NOX MASS / MULL 

Lb 

u. 00012 

0. 00137 

NLX MASS / RAT tu HP 

Ld/HP 



NCX- PERCENT OF EPA 

STanlAkd 



CALCULATED FUEL XIk KaTIo FkuH 

EXHAUST UA j 

ANALYSIS 

CAL. FUEL AIR HaHU 

ob/Lb 

U.O0933 

0.00933 

UIFF. MtAS C CAL. F/A 

PERCen t 

1.79 

1.79 






lUi^KKAATJ 


RATED CIO EXHAUST AV[i H20 IN AIR 

HI* INCH* *3 C - H FORMULA PERCENT 

73.40 141.00 1.000 1.350 0.917 


ruDE 3 

RUDE 4 

rtuut 5 

0.30 

5.00 

6.00 

41.41 

33.87 

26.46 

504.0a 

497.45 

368.96 

5664.00 

su.Ou 

40.00 

384. UU 

lllo.Ou 

944.00 

4.41 

0.00 

0.00 

9.75 

12- 73 

12.76 

0.01 

0.01 

0.01 

90.446 

86.57 

74.91 

4000.UU 

400U.QU 

4000.00 

no. 5o 

06.30 

63.00 

00.00 

60.00 

60.00 


6.08293 

0.06873 

O.06670 

1.23 

1.02 

1.02 

73.47 

65.94 

57.05 

103.1/ 

92.59 

60.12 

0.564 

0.514 

U.464 

2 7.68 

28.61 

26.61 

0.86632 

0.86604 

0.86511 

1.54834 

0.01279 

0.00600 

0.00774 

0. 00 107 

0.00060 


24.32472 

0.01065 

0.01090 

0.12162 

0.00090 

0.00109 


0.34813 

0.9*696 

0.62623 

0.00174 

0.07891 

U. 06262 


0.06367 

0.06771 

0.06770 

1.13 

-1.48 

-1.45 




M DUE 6 

MODE 7 

TOTAL 

3.UQ 

1.00 

27.30 

0.53 

0.53 


56.21 

58.21 


14.00 

14.00 


o8. 00 

68.00 


0.00 

0.00 


1.88 

1.88 


17.75 

17.75 


900.00 

900. 00 


65. UU 

65.00 


6U. 00 

60.00 



0.0U9 18 

0.0091B 

0.03397 

TA 

0.14 

0. 14 

0.50 

TA 


28.96 

28.96 


0.96049 

0.96049 


0.00039 

0.00039 


0.00002 

0.00001 

0.00961 

0.00013 

7.04 

0.00136 

0.00136 


0*00007 

0.00002 

0.12398 

0.00169 

4.02 

0.00635 

0.00635 


0.00032 

0.00011 

0.14519 

0.00198 

131.67 


0.00931 

0.00931 

0.03367 TA 

1.40 

1.40 

-0.89 TA 


\ 


TEXACO CONTROLLED COMBUSTION SYSTEM 


CASE 1 


DATA SOURCE : Texaco, Incorporated (Ref. 54) 

ENGINE DESCRIPTION : 

Type: Military Engine % 

Cylinder Arrangement: 1-4 

Displacement (in 3 ): 183 

Aspiration: Natural 

Rated (Maximum) Power: 82 hp at 3500 rpm 

Fuel: Gasoline 

OP ERA7ING CONDITIONS: 


MODE 

REQUIRED 

ACTUAL 

BMP (%) 

rpm 

BHP (%) 

rpm 

— 1 

Idle, In and Out 

- 

600. 

- 

725. 

Taxi, In and Out 

- 

1200. 

13. 

1500. 

Take-Off 

100. 

100.% 

100. 

100.% 

Climb 

30. 

90.% 

78. 

86.% 

Anp roach 

i 

40. 

87.% 

39. 

86.% 


ASSUMPTIONS : 

None 
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9“ V 


Engine Description: Stratified Charge, Kultifuel, 4-Cylinder, Mater Cooled, 4 Cycle, In Line, OHC 

Engine Displacement: 183 CIO 

Engine Rated Brake H.P.: 82 at 3S00 rpm 

Fuel Rydrogen-Carfaon Ratio: 0.157 (by weight) 


MODE 

NAME 

ENGINE CONDITIONS 
REQUIRED 





DATA REQUIRED 



WET 



ACTUAL ENGINE 
CONDITIONS 

FUEL 

FLOW 

(Ib/hr) 

MASS 

AIR FUEL- 

ROW uk A!R 
(Ib/hr) RATIO 

INDUCTION AIR UPSTREAM 

HC 

(ppm) 

NOx 

(ppm) 

CO 

(ppm! 

CO? 

m 

C i] 

MANIFOLD 

PRESSURE 

(in. 

Hg abs) 

ENGINE 

BRAKE 

HORSEPOWER 

(*) 

ENGINE 

SPEED 

ENGINE 

POWER 

(H.P.) 

ENGINE 

SPEED 

(rpm) 

INDICATED 

H.P. 

TEMPERATURE 

(°F) 

PRESSURE 

(in. 

Hg abs) 

SPECIFIC 
HUMIDITY 
(lb/ lb) 

Idle 

- 

600 rpm 

1.00 

T32 

0.0076 

78 

29.85 

0.00857 

224 

46 

1000 

1.45 

19.0 


0 

725 

2.6 

Taxi 

- 

1200 rpm 

5.63 

305 

0.01B 

78 

29.95 

0.00914 

329 

166 

1200 

3.55 

16.0 


11 

1500 

18.8 

Take-Off 

100 

100S 

39.3 

643 

0.061 

80 

29.99 

0.00572 

2 

1420 

1000 

13.8 

1.6 


82 

3500 

107.2 

Climb 

BO 

90S of Max. 

29.4 

539 

0-055 

78 

29.22 

O.OT021 

B 

1300 

2000 

12.0 

5.2 


64 

3000 

83.2 

Approach 

40 

B7S of Max. 

16.0 

575 

U. 028 

78 

29.22 

0.01021 

100 

340 

1400 

6.3 



32 

3000 

52.7 


‘Engine operates unthrottled 


NOTES: 

HC - Total hydrocarbons in ppm Cx Hy by volume - Undiluted 
NOx - Total oxides of nitrogen in ppm by volume - Undiluted 
CO - Carbon monoxide In ppm or X by volume - Undiluted 
CO 2 - Carbon dloxidp in ppm cr S by volume - Undiluted 
02 - Oxygen in ppm or S by volume - Undiluted 

1 

1 

1 

1 

i 

! or) gm/hr of Cx Hy 
|or) gm/hr of NOx 
! or) gm/hr of CO 
lor) gn/hr Df CO 2 
[or) gm/hr of Oj 

(define x and y) x = 6, y = 14 

(define x) x * 2 

PPM 

S Volume 
S Volume 




183 CIO MILITARY ENGINE WITH TEXACO CCS 


i! 

G ^ 

I® 


P8ARCAV 
IN H6 AOS 
29.72U 


FUEL HYDROGEN- TAMS 
CARBON RATIO DEG F 

1.8700 78.30 


> 

I 

-J 



UNITS 

NUDE I 

MODE 2 

TIME IN HIiCE 

MINUTES 

l.OC 

11.00 

FUEL FLOW 

LB /HR 

1.00 

5.63 

AIM FLOW 

LB /HR 

132.00 

305.00 

HYCRCCARBON LUNC. 

PPM— C 

1344. CO 

1974. 00 

OXIDES OF NITROGEN CONC PPM 

4o. 00 

166. UO 

CAftbCN HCNCXiOE CONC. 

PERCENT 

0.10 

0.12 

CAM8CN DIOXIDE CONC. 

PERCENT 

1.45 

3.55 

OXYGEN CONC. 

PERCENT 

19. C£ 

16.00 

PROP. TCRLUfc 

FT-LB 


38.51 

PRUP. SPEED 

RPM 

725.00 

1500.00 

DRY BULB TEMP 

OEG F 

78.00 

78.00 

WET eULB TEHP 

DEG F 

63. CO 

63.90 


FUEL AIR RATIO 

LB/LB 

0.00764 

0. 01863 

FUEL AIR EQUIVALENCE 

RATIO — 

0.11 

0.2 7 

ENGINE OBSERVED PUmER 

HP 


11.00 

QBS BMfcP 

PSI 


31.74 

QBS BSFC LBH/BHP— HR 


0.512 

EXHAUST MOLE. wT. LB/LB-MOLE 

28.96 

28.95 

■ET CORRECTION FACTUM 

— 

0.95206 

0.96010 

HC EMISSION RATE 

L 8/HR 

0.08564 

0. 2938 6 

HC NASS / MODE 

LB 

0.00143 

0. 05388 

HC HASS / RATED HP 

LB/HP 



HC - PERCENT OF EPA 

STANDARD 



CO EMISSION RATE 

LB/HR 

0-12864 

0.36065 

CO MASS / MODE 

LB 

0. 00214 

0. 06612 

CO MASS / RATED hP 

lb/hp 



CO - PERCENT OF EPA 

STANDARD 



NOX EMISSION RATE 

LB/HR 

U. 00972 

0.08 195 

NOX MASS / MODE 

LB 

0.00016 

0.01502 

NOX MASS / RATED HP 

LB/HP 



NCX- PERCENT OF EPA 

STANDARD 




calculated hj el air ratio from exhaust gas analysis 
cal. fuel AIR RATIO LB/LB 0 .00005 0.01833 

UlfF. REAS t CAL. F/A P^iCENT 5.31 -1.64 






RATED CID EXHAUST AVG H23 IN AIR 

HP INCH**3 C - H FORMULA PERCENT 

82.00 183.00 1.000 1.850 0.867 


MODE 3 

MODE 4 

MODE 5 

0.30 

5.00 

6.00 

39.30 

29.40 

16.00 

643.00 

539.00 

575.00 

12. 00 

48.00 

600.00 

1420.00 

1300.00 

340.00 

0.10 

0*20 

0.14 

13.80 

12.00 

6.30 

1.60 

5.20 

12.50 

123.05 

112.04 

56*02 

3500. OQ 

3000.00 

3000.00 

80.00 

78.00 

78.00 

59.00 

65.10 

65.10 


0.06148 

0.05511 

0.02811 

0.90 

0.80 

0.41 

82.00 

64.00 

32.00 

101.40 

92.33 

46.16 

0.479 

0.459 

0.500 

28.91 

2 8.92 

28.94 

0.84575 

0.88462 

0.89471 

0.00393 

0.01309 

0.17000 

0.00002 

0.00109 

0*01700 


0.66103 

1.10114 

0.80077 

0.00331 

0.09176 

0.08008 


1.54180 

1.17564 

0.31943 

0.00771 

0.09797 

D. 03 194 


0.06381 0.05352 0.03002 

3.80 -2.87 6.77 


NODE 6 MODE 7 TOTAL 

3.00 1.00 27.30 

5.63 1.00 

305.00 132.00 

1974.00 1344.00 

166.00 46.00 

0.12 0.10 

3.55 1.45 

16.00 19. OU 
38.51 

1500.00 725.00 

78.00 78.00 

63.90 63.00 


0.01863 0.00764 0.02706 TA 

0.27 0.11 0.40 TA 

11. 00 
31.74 
0.512 

28.95 28.96 

0.96010 0.95206 

0.29388 0.08564 

0.01469 0.00143 0.06954 

0. 00109 
57.47 

0.36065 0.12864 

0.01803 0.00214 0.26358 

0.00321 

7.65 

0.08195 0.00972 

0.00410 0.00016 0*15707 

0.00192 

127.70 


0.01833 0.00805 0.02709 TA 

-1.64 5.31 0.10 TA 



TEXACO CONTROLLED COMBUSTION SYSTEM 


CASE 2 


DATA SOURCE : Southwest Research Institute (Ref. 5, p. B-14, Table B-18) 

ENGINE DESCRIPTION: 


Manufacturer: Plymouth (Cricket) 

Cylinder Arrangement: 1-4 

Displacement (in 3 ): 141 

Aspiration: Natural 

Rated (Maximum) Power: 67 hp at 3000 rpm 

Fuel: Gasoline 

OPERATING CONDITIONS: 


MODE 

REQUIRED 

ACTUAL 

mm 

HKIH 

ES9GH 

mi 

Idle, In and Out 

- 

600. 

- 

900. 

Taxi , In and Out 

- 

1200. 

17. 

1800. 

Take-Off 

100. 

100. % 

100. 

100.% 

Climb 

80. 

90.% 

75. 

100.% 

Approach 

40. 



87.% 

50. 

100.% 


ASSUMPTIONS : 

• Equilibrium values of CO2 and 02 used for all modes. 

• Fuel hydrogen to carbon ratio assumed to be a.O. 
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ORIGINAL PAGE IS 

DE EQQR QUALITY 


141 CID PLYMOUTH CRICKET WITH TEXACO CCS {GASOLINE} 

PBARuAV TUtL HVURdGEN- TAMB 


IN HG AbS 


CARBON RATIO 

DEG F 

29.000 


2. GOOD 

£>4.00 


UNITS 

MODE l 

MOUt 2 

TIMt IN HUOt 

MiNUTES 

l.CQ 

11.00 

FUEL FLCm 

LB/HR 

1.46 

7 .54 

AIK PLUM 

LB /HR 

AOi.87 

316.20 

HYURGCARBON CONG. 

PPM-C 

1440. CD 

270. UO 

OXIDES OF NITROGEN CONC PPM 

1 OB. DU 

231.00 

CARBCN MONOXIDE CUNC. 

PERCENT 

o.cs 

0.00 

CfiRBUN UiuXiUE CUhC. 

PERCENT 

2.94 

4.B5 

OXYGEN CGNC. 

PERCENT 

16. ID 

13.15 

PROP. TQKOUE 

FT-Cb 


33. RB 

PROP. SPEED 

APM 

9C0.CC 

IB 00. 20 

DRY BULB 1EMP 

UEG t 

63.00 

65.00 

MET BULB TEMP 

utG F 

60. UU 

OO.00 

COOLING AIK TEMP 

UEG F 

o4.CC 

64.00 

INDUCTION AiH TEMP 

DEG f 

64. GO 

64.00 

FUEL AIR RATIO 

LB/LB 

0. 01*48 

0.02409 

FUEL AIR ECU I VALENCE 

RATIO — 

0.21 

0.36 

ENGINE OBSERVED PUMfck 

HP 


11.51 

DBS BMEP 

PSI 


35.92 

UBS 6SFC LBH/flrtP-HK 


0*655 

EXHAUST MOLE. UT . LB/LB-MULE 

2B.45 

28.94 

MET CORRECTION FACTOR 

— 

0.92702 

0.93317 

HC EMISSION RATE 

LB/HR 

D.0713C 

0. 04190 

HC MASS / MODE 

LB 

0.0U119 

0.00768 

HC MASS / RATED HP 

CB/HP 



HC - PERU EM OF EPA 

STANDARD 



Cu EMISSION RATE 

CU/HK 

0.03459 

0.00470 

CO MASS / MuoE 

Lb 

0.QD058 

0.00086 

CO MASS / RATED HP 

LB/HP 



CD - PEKCEM OF EPA 

STANDARD 



NUX EMISSION RATE 

LB/HR 

0.01773 

0.11887 

NUX MASS / MODE 

LB 

0.CCO3D 

0.02179 

NUX NASS / KAIED HP 

LB/HP 



NOX- PERCENT OF EPA 

STANDARG 



CALCULATED FUEL AIK KATlU FROM 

EXHAUST GAS 

ANALYSIS 

CAL. FUEL AIR RATIO 

LB/LB 

0. 01550 

0. 02 42 B 

CtiFF. MEAS £ CAC. F/A 

PERCENT 

7.G2 

0.77 


RATED 

CIO 

EXHAUST 

A VS H20 

IN AIR 


HP 

l.NCH**3 

C - H FURHULA PERCENT 


67.10 

141.00 

1.000 1. 

850 1 

.039 


MODE 3 

MODE 4 

MODE 5 

MODE 6 

MODE 7 

TOTAL 

0.30 

5.00 

6.00 

3. 00 

1.00 

27.30 

24.4U 

19.96 

15.48 

7.54 

1.46 


612.55 

563.60 

550.37 

316.20 

101. 87 


17.00 

17.00 

65-00 

270.00 

1808.00 


924. UO 

660.00 

406.00 

231.00 

98.00 


0.00 

0.00 

0.00 

0.00 

0.04 


6.06 

7.18 

5.71 

4.85 

2.94 


8.10 

9.55 

11.85 

13. 15 

16.10 


117.57 

88.12 

58.90 

33. 58 



3UOO.UO 

3000 .00 

3000.00 

1800.00 

900.00 


70.20 

63.00 

63.00 

63.00 

63.00 


65.00 

60.00 

60.00 

60.00 

60.00 


64.00 

64.00 

64.00 

64.00 

64.00 


64.00 

64.00 

64.00 

64.00 

64.00 


0.04044 

0.035B2 

0.02642 

0.02409 

0.01448 

0.02666 TA 

0.60 

0.53 

0.42 

0.36 

0.21 

0.39 TA 

67.16 

50.34 

33.64 

11.51 



125.74 

94.25 

62.99 

35.92 



0.36 5 

0.397 

0.460 

0.655 



28.93 

28 a 93 

28.94 

2B. 94 

28.95 


0.90097 

0.91219 

0.92715 

0.93317 

0.92044 


0.00519 

0.00476 

0.01763 

0.04190 

0.08953 


0.00003 

0.00040 

0.00176 

0.00210 

0.00149 

0.01464 






0.00022 






11. 49 

0.02282 

0.01977 

U.015BB 

0.00470 

0.04348 


0.0001 L 

0.00165 

0.00159 

0.000 23 

0.00072 

0.00575 






0.00009 






0.20 

0.93609 

0.61245 

0.36522 

0.11687 

0.01609 


0.O0468 

0.05104 

0.03652 

0.00594 

0.00027 

0. 12054 






0.00180 






119.76 


U. 0405B 

0.03592 

0.02846 

0.02428 

0.01574 

0.02687 

TA 

0.34 

0.29 

0.17 

0. 77 

8.72 

0.79 

TA 


• - * 


TEXACO CONTROLLED COMBUSTION SYSTEM 


CASE 3 


DATA SOURCE : Southwest Research Institute (Ref. 5, p. B-12, Table B-16) 

ENGINE DESCRIPTION: 


Manufacturer: Plymouth (Cricket) 

Cylinder Arrangement: 1-4 

Displacement (in 3 ): 141 

Aspiration: Natural 

Rated (Maximum) Power: 76 hp at 3000 rpm 

Fuel : Diesel Fuel 

OPERATING CONDITIONS: 


MODE 

REQUIR 

ED 

ACTUAL 

mm 

mwm 

MIHM 

HESH1 

Idle* In and Out 


600. 

- 


Taxi , In and Out 

- 

1200. 

19. 

|n 

Take-Off 

100. 

100 .% 

100. 


Clint) 

80. 


75. 

100 ,% 

Approach 

40. 

87.% 

50. 

IBEmH 


ASSUMPTIONS : 

• Equilibrium values of CO 2 and O 2 used for all modes. 

• Fuel hydrogen to carbon ratio assumed to be 2.0. 
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ORIGINAL] PAGE IS 
OB 1 POOH QUALITY 


141 CID PLYMOUTH CRICKET WITH TEXACO CCS (DIESEL FUEL) 


PBAHUAV 

FUEL HYDROGEN— 

TAMti 

IN HG A8S 


CAK3UN RATIO 

UtG F 

29.UU0 


2.0C0C 

73.00 


UNITS 

HOOE 1 

MUOt 2 

TIRE IN HoOt 

MlNUTtS 

1.00 

11.00 

FUEL fLIim 

LB/HR 

1.85 

8.47 

AIM FLOW 

08 / HR 

101.81 

314.87 

HYDROCARBON CCNC. 

PPM-C 

2624.00 

1164.00 

uXluES OF Ail KuGtN CONC PPM 

73.00 

230.00 

CARBUN HGNLX10E LoNL. 

PcKCtNT 

0.13 

0.01 

CARBON UlOXIDE CCNC. 

PcKCENI 

3.71 

5.67 

OXYGEN CCNC. 

PERCENT 

14.90 

12.20 

PROP. IkAtUE 

P I— OB 


42.3o 

PROP. SPfcEC 

PPM 

4L0.L0 

1600.00 

OltY 8006 TEMP 

litu F 

70.60 

71.00 

«tT BULB 1EMP 

oEG F 

60.00 

60.00 


FUEL AiK kAIIU 

LB/LB 

0.01634 

0.U2/12 

FUEL AIR ECU! UAL ENLE 

RATIO — 

0.27 

0.4U 

ENUlht ObSERVEO PunitK 

HP 


14.52 

UBS BHfcP 

PS I 


45.31 

OSS BSFC LBM/8HP-H* 


U.563 

EXHAUST HOLE. «T . LB/LS-MULc 

28.95 

28.94 

MET CORRECTION FACTUK 

— 

0.90463 

Or 92153 

HC EMISSION RATE 

LB/HR 

D. 13044 

0.16353 

HC HASS / HOOE 

LB 

U. 002 17 

0.03 3 6 5 

HC MASS / HATED HP 

LB/HP 



HC - PERCENT UF EF A 

STANDARD 



CO EMISSION K Alt 

lb/HK 

U. 12926 

0.01615 

CO MASS / MODE 

LB 

0.OU21S 

0.00333 

CQ MASS / RAT ED hP 

L8/HP 



CO - PtRCENT OF EPA 

STANDARD 



NOX EMISSION R AT c 

LB/HR 

0.O12C3 

0.11822 

NUX NASS / MUUt 

LB 

o.uQulO 

0.02167 

NOX MASS / RATED HP 

LB/HP 



NUX- PERCENT Ur fcPA 

STANDARD 



CALCULATED FUEL AIR RATIO FROM 

EXHAUST GAS 

ANALYSIS 

CAL. FUEL AIR RATIO 

LB/LB 

0. 02045 

0. 02740 

D1FF. MEAS L CAL . F/A 

PERCENT 

11.50 

2.66 






RATED CIO EXHAUST AV3 H20 IN AIR 

HP iNCHWa C - H FORMULA PERCENT 

76.40 141.00 1.000 1.850 0.734 


MODE 3 

MODE 4 

MODE 5 

0.30 

5.00 

6.00 

28.84 

22.49 

16.93 

633.72 

566*09 

549.04 

72.00 

37.00 

52.00 

1140.00 

849.00 

614.00 

0.01 

0.01 

0.01 

9. i U 

7.74 

6.25 

6.15 

8.60 

10.95 

133.88 

100 .38 

66.94 

3000-00 

3000.00 

3000.00 

72. UO 

74.90 

74.90 

60. 00 

60.00 

60.00 


0.04589 

0.03867 

0.03108 

0.66 

0.57 

0.46 

76.48 

57.34 

38.24 

143.19 

107.35 

71 59 

0.377 

0.392 

0.443 

26.92 

28.93 

28.94 

0.69044 

0.90919 

C.- 92401 

0.02266 

0. 01080 

0.01411 

U.UQOU 

0.00090 

0.00141 


0.04684 

0.03771 

0.03013 

0.00023 

0.00314 

0.00301 


1.20141 

0.82165 

0.55250 

0.0U6J1 

0.06847 

0.05525 


0.04676 

0.03895 

0. 03129 

1.89 

0.74 

0.69 


HOOE 6 HUUfc 7 TOTAL 
3*00 1.00 27*30 

3.47 1.72 

314.87 101.87 

1184.00 1908.00 

230.00 110.00 

0.01 0.13 

5.47 3.48 

12.20 15.30 

42,36 

1800.00 900.00 

71.00 75.70 

60.00 60.00 


0.02712 0.01701 0.02962 TA 

0.40 0.25 0.44 TA 

14. 52 
45.31 
0.5 83 

28.94 23.95 

0.92153 0.91Q08 

0.18353 0.09770 

0.00918 0.00163 0.04905 

0.00064 

79 

0.01315 0.12959 

0.00091 0.00216 0 *94 

' -020 
0.47 

0.11622 0.01811 

0.00591 0.00030 0.15781 

0.00207 

137.71 


0.02790 0.01889 0.03027 TA 

2.88 11.08 2.21 TA 


\ 




FOUR-STROKE DIESEL 
CASE 1 


DATA SOURCE : Southwest Research Institute (Ref. 10, pp. C- 20 and C-25) 

(Ref. 52) 


ENGINE DESCRIPTION: 


Manufacturer: International Harvester Company 

Cylinder Arrangement: 1-6 

Displacement (in 3 ): 407 
Aspiration: Natural 

Rated (Maximum) Power: 112 hp at 2400 rpm 

OPERATING CONDITIONS: 


MODE 

REQUIRED 

ACTUAI 



■DSEH 


■EBH 

Idle, In and Out 

- 

mm 

■ 

700. 

Taxi, In and Out 

- 


11. 

1800. 

Take-Off 




100.% 

Climb 

80. 

90.% 

73. 

92.% 

Approach 


87.% 

47. 

84.% 


ASSUMPTIONS: 


None 









407 CID INTERNATIONAL FOUR-STROKE DIESEL 






P&AHcAV 

FULL HYURuGt*- TAMB 

IN hG A6S 


carbon ratio 

Deo f 

29.200 


2.0000 

7*.0U 


UNITS 

MOUfc 1 

HUUh 2 

TIME IN HuGfc 

MINUTES 

I. to 

11.00 

FUEL FLUM 

Ld/HK 

1. TO 

9.10 

AIM FLGm 

lB/hk 

262.CC 

723.00 

HYGkGCAKbCN COWC. 

PPM— C 

57S.CC 

555.00 

CXlUtS OF MTKUutN CuNC PP« 

116. CO 

i 77.00 

CAKuCN MLNcAiUt lONC , 

. percent 

C.C3 

0.04 

LAAdCK UutlDt LliiICi 

PERCENT 

1.41 

2.51 

OXVGtN CCNL. 

PERCENT 

lB.iC 

17.50 

PROP. TLHcUc 

fj-lb 


35.01 

♦•HOP. SPEtO 

KPM 

7 00. C C 

1 BOO. 00 

UkY EULb I EHP 

orb F 

T4.00 

74.00 

RET tuLa temp 

OEG F 

6S.CC 

63.00 

iNGUCIicN' AIK TEMP 

UtG F 

74. CO 

74.00 

FUEL AIR KATIu 

LB/LB 

{j. 006 1C 

0.01264 

FUEL AIK fcctl 9 ALEmCt 

RATIO — 

o.cs 

0*14 

ENGINE UBSEHYtO PUintK 

HP 


12.00 

UBS BHEP 

PS I 


12.97 

UfcS bSFL LbH/bHP— HR 


0. 753 

EXHAUST Kelt. al . L b/LB-KLLfc 

26.96 

23.96 

ktl UKHlCIluri FALluh 

— 

0-67^3* 

0.96516 

HL EMISSION RAIL 

LB/HK 

0*07dl5 

c. 19603 

Ht MASS / MUUE 

LB 

0.00130 

0.03594 

Ht MASS / RAIEO FP 

L8/HP 



hC - PfchLtNT UF tfA 

STAN BAKU 



CO EMISSION RATE 

Lb/ HR 

0.C6698 

0.26454 

CO MASS / /tOUt 

LB 

u.Uwl45 

0.04650 

CL MASS / RAT tO HP 

LB/HP 



LC - PERCENT OF uPA 

STANDARD 



NUX EMISSICN RATE 

Ld/HK 

0.0322b 

0.20730 

NUX HASS / MOOt 

LB 

0.00067 

0.03601 

NOX HASS / RAT tU HP 

LB/HP 



«OX- PERL ENT OF tPA 

STAN BAKU 



CALCULATEO fUfcL AIR KATlc PKu.4 

EXHAUST GAS 

analyst s 

CAL. FUEL AIR KATIu 

LB/Lb 

0.00751 

0. 01243 

OIFF. HfcAS & CAL. F/A 

PERCENT 

23.29 

-1.63 


kaTEo 

CIO 

EXHAUST 

A VO H20 IN AIR 


HP 

iUCH**3 

C - H FORMULA PERCENT 


113.CU 

407.00 

1.000 1 

.350 

1.161 


MUUfc 3 

MUOt 4 

MUUt 5 

HUOd 6 

MUUt 7 

TOTAL 

0.50 

5.00 

6.00 

3.00 

1.00 

27.30 

46.60 

34.10 

22.40 

9.10 

1.70 


943.00 

692.00 

645.00 

723. 00 

282.00 


1040.00 

060 .00 

630.00 

555.00 

575.00 


1440.00 

1154.00 

556.00 

177.00 

116.00 


0.22 

0.07 

0.04 

0.04 

0.03 


6.7s 

7.62 

5.40 

2.51 

1.41 


6.30 

9.10 

12.50 

17.50 

18.30 


237.39 

169.07 

151.30 

35.01 



2500.00 

2300.00 

2100.00 

1800.00 

700. 00 


74.00 

75.00 

75.00 

74.00 

74.00 


65.00 

67.00 

67.00 

65.00 

65.00 


74. OU 

7s.00 

75.0 

74.00 

74.00 


0.04966 

0.03670 

0.02664 

0.01264 

0.00610 

0.02046 TA 

0. 74 

0.57 

0.40 

0. 19 

0.09 

0.30 TA 

113.00 

62.60 

52.50 

12.00 



67.96 

70.05 

46.65 

12.97 



0.412 

0.412 

0.427 

0.7 58 



26.92 

26.93 

26.94 

28. 96 

28.96 


0.92016 

0.91042 

0.92357 

0.96516 

0.87436 


0.49474 

0.29315 

0.26197 

0.19603 

0.07815 


0.00247 

0.J2443 

0.02620 

0.00980 

0.00130 

0. 10144 
0.00090 






47.25 

2.09646 

0.63121 

0.52151 

0.26454 

0.08698 


0.01046 

0.05260 

0. 03215 

0.01323 

0.00145 

0.15986 

0.00141 






3.37 

2.27151 

1.69955 

0.74163 

0.20730 

0.05228- 


0. 01136 

0.14163 

0.07418 

0.01037 

0.00087 

0.27728 
0. 00245 






163.59 


0. 04707 

0.03835 

0.02713 

0.01243 

0.00751 

0.02043 TA 

-5.60 

-0.97 

1.09 

-1.63 

23.29 

-0.18 TA 


! 


FOUR- STROKE DIESEL 
CASE 2 


DATA SOURCE : Southwest Research Institute (Ref. 10, pp. C-48 and C-55) 
(Ref. 52) 

ENGINE DESCRIPTION : 

Manufacturer: Perkins Engines, Incorporated 

Cylinder Arrangement: 1-4 

Displacement (in 3 ): 236 

Aspiration: Natural 

Rated (Maximum) Power: 76 hp at 2500 rpm 

OPERATING CONDITIONS: 


MODE 

REQUIRED 

KCTOSC 

BMP {%) 

rpm 

BHP (%) 

rpm 

Idle, In and Out 

- 

600. 

- 

600. 

Taxi, In and Out 

- 

1200. 

9. 

1450. 

Take-Off 

100. 

100.% 

100 . 

100.% 

Climb 

80. 

90.% 

67. 

88.% 

Approach 

40. 

87.% 

45. 

88.% 


ASSUMPTIONS: 


• Airflow for climb and approach modes determined as function 
of rpm. 

• Equilibrium values of O 2 used for all modes. 
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236 CID PERKINS FOUR-STROKE DIESEL 


PBAKCAV 

FUEL HYDROGEN- 

TAMB 

RATEO 

CID 

EXHAUST 

AV3 H20 

IN AIR 


in hti AbS 


CARBON RATIO 

DEG F 

HP 

1 NCH**3 

C - i« FORMULA PERCENT 


29.300 


2.0000 

72.30 

75.60 

236.00 

1.000 1 

.050 1. 

161 



UNITS 

MODE 1 

MOOE 2 

MOOE 3 

MODE 4 

MODE 5 

MOOE 6 

MODE 7 

TOTAL 

I I HE IK MuDE 

MINUTES 

I.CQ 

11. 00 

0.30 

5.00 

6.00 

3. 00 

1.00 

27.30 

FUEL FLOW 

LB/ HR 

0.70 

4.20 

30.20 

18.60 

12.80 

4.20 

0.70 


AIR FLOW 

Lb/ HR 

157. Q0 

3B6.00 

5BU.OO 

522.00 

522.00 

305.00 

157.00 


HYDROCARBON CONC. 

PPH-C 

280. CO 

194.00 

3B.00 

180.00 

210.00 

194. 00 

280.00 


UXlUfcS uF MTRCGEN CCNC PPM 

74.00 

177.00 

1793.00 

1618.00 

614.00 

177.00 

74.00 


CARBON HCNGX1 Dfe CONC. 

PERCENT 

0.02 

0.03 

0.34 

0.01 

0.02 

0. 03 

0.02 


CAHBCN DIOXIDE CONC- 

PERCENT 

1.10 

2.10 

9.99 

7.51 

5.21 

2. 10 

1.18 


OXYGEN CONC. 

PERCENT 

19.20 

17.20 

4.56 

9.54 

13.01 

17. 20 

19.20 


PROP. TOR CUE 

FT-LS 


24.99 

165.44 

127.30 

05.20 

24.99 



PROP* SPEED 

RPH 

600. CC 

1460.00 

2400.00 

2100.00 

2100.00 

1450.00 

600.00 


UKY BULB TtHP 

OfcG F 

76.00 

75.00 

75.U0 

73.00 

73.00 

75.00 

75.00 


MET EULb TEMP 

DEG F 

67.00 

67.00 

67.00 

65.00 

65.00 

67.00 

67.00 


INDUCT 1GN AIK TEMP 

DEG F 

76. UO 

76.00 

75.00 

73.00 

73.00 

75.00 

75.00 


FUEL AIR RATIO 

LB/Lb 

0. 00461 

0. Oil 04 

0.05271 

0.03604 

0.02480 

0.01104 

0.00451 

0.01062 TA 

FUEL AIK EQUIVALENCE 

RATIO — 

0.07 

0.16 

0. 7B 

0.53 

0.37 

0. 16 

0.07 

0.20 TA 

tNGINF OBSERVED POWER 

HP 


6.90 

75.60 

50.90 

54.10 

6.90 



UBS 8NEP 

PSI 


15.97 

105.71 

01.34 

54.49 

15.97 



OSS BSFC LBM/BHP— HR 


0.609 

0.399 

0.365 

0.375 

0.609 



exhaust hole. wt. ib/lb-hole 

20.96 

20.96 

26.92 

2B.93 

28.94 

28.96 

28.96 


WET CORRECTION FACTOR 

— - 

0.03060 

0.97354 

O.B7977 

0.09975 

0.9 1705 

0.97354 

0.63060 


HC EMISSION RATE 

LB/HR 

0.02116 

0. 0361B 

0.01113 

0.04666 

0.05384 

0.03618 

0= 02115 


HC MASS / MODE 

LB 

0.00036 

0.00663 

U. 00006 

0.00369 

0.0053S 

0.00181 

0.00035 

0. 01047 

HC MASS / RATED HP 

LB/ HP 








0.00024 

HC - PERCENT OF E PA 

STANDARD 








12.86 

CO EMISSION KATE 

LB/HR 

0.02791 

0.10090 

1.908b 1 

0.06542 

0.10972 

0.10090 

0.02791 


CO HASS / MUUE 

LB 

0.00047 

0.01 050 

0.00994 

0.00545 

0.01097 

0. 00504 

0,00047 

0.05084 

CO NASS / RATED HP 

LB/HP 








0.00067 

CO - PERCENT OF EPA 

STANDARD 








1.60 

NOA EMISSION HATE 

LB/HR 

0.01064 

0.10945 

1.74064 

1.39005 

0.69197 

0.10945 

0.01854 


NOX MASS t MODE 

LB 

0.00031 

0.02007 

0.00870 

0.11590 

0.06920 

0.00547 

0.00031 

0.21996 

NQX MASS / RATED HP 

LB/HP 








0.00291 

NOX- PERCENT OF EPA 

STANDARD 








193.97 

CALCULATED FUEL AIR RATIO FROM 

EXHAUST GAS 

ANALYSIS 







CAL. FUEL AIR RATIO 

LB/LB 

0.00690 

0.01071 

0.05305 

0.03602 

0.02562 

0.01371 

0.00596 

0.01889 TA 

BIFF. HE AS C CAL. F/A 

PERCENT 

32.66 

-3.01 

0.64 

2.17 

3.31 

-3. 01 

32.56 

1.42 TA 





FOUR-STROKE DIESEL 
CASE 3 


DATA SOURCE : Southwest Research Institute {Ref. 5, p. B-2, Table B-3) 

ENGINE DESCRIPTION: 


Manufacturer: Nissan Motors - Datsun 

Cylinder Arrangement: 1-4 

Displacement (in 3 ): 132 

Aspiration: Natural 

Rated (Maximum) Power: 70 hp at 4000 rpm 

OPERATING CONDITIONS: 


MODE 

REQUIRED 

ACTUAL 

BHP (%) 

rpm 

BHP (%) 

rpm 

Idle, In and Out 

- 

600. 

- 

1150. 

Taxi , In and Out 

- 

1200. 

m 

1150. 

Take-Off 

100. 

100.% 

100. 

100.% 

Climb 

80. 

90. ? 

75. 

100.% 

Approach 

40. 

87.; 

50. 



100.% 


ASSUMPTIONS : 

• Equilibrium values of C02 and 0£ used for all modes. 

• Fuel hydrogen to carbon ratio assumed to be 2.0. 
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132 CID OATSUN FOUR-STROKE DIESEL 


PBARUAV 

FUEL HYDROGEN- 

Tam 6 

IN HG ABS 


CARSON RATIO 

DEG F 

14.700 


2.C00C 

80. do 


UNITS 

MODE 1 

MODE 2 

TIME IN MUDS 

MINUTES 

1.00 

11.00 

FUEL PLOW 

LB /HR 

1. 72 

1.72 

AIR PLOW 

CB/HR 

133.4 7 

153.47 

HYDROCARBON CONC. 

PPH-C 

24. CO 

24.00 

OX IDES OP NITROGEN CONC PPM 

SB. CO 

98.00 

CARBON HuNCXlUfc CONC. 

PERCENT 

0.01 

0.01 

CARSON DIOXIDE CuNC. 

PERCENT 

2.30 

2.30 

OXYGEN CCNC. 

PERCENT 

17.10 

17.10 

PROP. TOR CUE 

F T— Lb 



PROP. SP tili 

KPM 

1130.00 

113Q.00 

URY EUCb TEMP 

OEG F 

BO. SO 

BO. 50 

Wt< BULB TEMP 

DEG F 

60. 00 

60.00 


FUEL AIR RATIO 

LB/LB 

u. 01128 

0. 01126 

FUEL AIR E0U1VALENCE 

RATIO — 

0.17 

0.17 

ENGINE OBSERVED POWER 

HP 



DBS BMEP 

PSI 



DBS BSPC LBM/BHP— HR 

EXHAUST HOLE. MT. LE/Cd-MUL t 

26.96 

28.96 

WET CORRECTION FACTOR 

— 

0.96163 

0*96163 

HC EMISSION KATE 

CB/HR 

0.00178 

0.00176 

HC MASS t MODE 

LB 

0. UOU03 

0.00033 

HC MASS / BATED HP 

LB/HP 



HC - PERCENT TIP EPA 

STANDARD 



CO EMISSION RATE 

CB/HR 

0.01907 

0.01907 

CO MASS / HODfc 

LB 

0.00032 

0. 00350 

CO HASS / MATED HP 

LS/HP 



CO - PERCENT OF EPA 

STANDARD 



NOX EMISSION RATE 

LB/HK 

0. 02416 

0.02416 

NOX MASS / HUGE 

Lb 

0.00040 

0.00443 

NOX MASS / RATED HP 

Lb/HP 



NOX- PERCENT OF EPA 

STANDARD 



CALCULAl EO FUEL »Ift RATIO FROM 

EXHAUST GAS 

ANALYSIS 

CAL. FUEL AIR RATIO 

LB/CB 

0.01144 

0. 01144 

D1FF. ME AS £ CAL. F/A 

PERCENT 

1.47 

1.47 




RATED 

CID 

EXHAUST 

AVG H20 IN AIR 


HP 

INCH* *3 

0 — H FORMULA PERCENT 


70.00 

132.40 

1.000 1. 

650 

0.621 


MODE 3 

MODE 4 

MODE 5 

MODE 6 

MODE 7 

TOTAL 

0.30 

5.00 

6.00 

3.00 

1.00 

27.30 

32.55 

27-25 

21.70 

1.65 

1.85 


537.14 

522.59 

534.49 

154. 79 

154. 79 


160. DO 

128.00 

80.00 

48.00 

48. 00 


441.00 

488.00 

437.00 

7B. 00 

78.00 


0.20 

0.05 

0.03 

o. tz 

0.02 


11.90 

10.35 

a. is 

2.46 

2.46 


1*65 

4.30 

7.95 

16.90 

16.90 


91.96 

69-01 

45.98 




4000.00 

4000.00 

4000.00 

1150.00 

1150.00 


79.10 

79.10 

79.10 

80.30 

80.30 


6U.D0 

60-00 

60.00 

60. 00 

60.00 



0.06100 

0.05249 

0.04087 

0.01203 

0.01203 

0.02599 14 

0.90 

0.78 

0.60 

0. 18 

0.16 

0.38 TA 

70.04 

52.56 

35.02 




104. 74 

78.60 

52.37 




0.465 

0.518 

0.620 




28.91 

28.9 2 

28.93 

28.96 

28. 96 


0.86024 

0 .88111 

0.90502 

0.95887 

0.95887 


0.04374 

0.03377 

0.02134 

U.00360 

0.00360 


O. 00022 

0.00281 

0.00213 

0.00018 

0.00006 

0.00576 
0. 00006 






4.33 

1.09062 

0.28918 

0.15294 

0.02288 

0.02288 


0.00545 

0.02410 

0.01529 

0.001 14 

0.00038 

0. 05018 
0.00072 






1.71 

0.39980 

0.42688 

0.38654 

0.01941 

0.01941 


0.00200 

0.03557 

0.03865 

0.00097 

0.00032 

0. 08235 
0. 00118 






78.43 


0.06265 

0.03328 

0.04125 

0.01223 

0.01223 

0.02633 

TA 

2.70 

1-50 

0.92 

1.72 

1.72 

1.34 

TA 


! 


TWO-STROKE DIESEL 


DATA SOURCE : McCulloch Corporation (Ref. 53) 

ENGINE DESCRIPTION : 

Manufacturer: McCulloch Corporation 

Cylinder Arrangement: Radial -4 

Displacement (in 3 ): 180 

Aspiration: Turbocharged 

Rated (Maximum) Power: 116 hp at 2500 rpm 

OPERATING CONDITIONS: 


MODE 

REQUIRED 

ACTUAL 

BHP (%) 

■bb 

BHP (%) 


Idle, In and Out 

- 

600. 

1 . 

mm 

Taxi, In and Out 

- 


n 


Take-Off 

100. 

100.% 

!■ 

■ESI 

Climb 

80. 

90.% 

75. 


Approach 

40. 

87.% 

44. 

■a 


ASSUMPTIONS : 

• Engine rated at 180 hp at 2500 rpm but emissions data taken 
only up to 116 hp at 2500 rpm; assumed 116 hp at 2500 rpm 
as 100% BHP/100% rpm take-off mode. 

• Equilibrium value of 02 used for all modes. 
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gyXTVnO SOCK 
gjaov<i tvhv 



180 CID MC CULLOCH TWO- STROKE DIESEL 


PbAkO TORY 

TwbT FULL 

HYukUGEiv- 

TaMLi 

IN HG ABj Dto F 

DEG F C th 

Juf. RATI 6 

u£ o f 

30.050 72.00 

So* JO 

I. oOOfi 

72 . u\j 


Ut,iTS 

mcUE 1 

MCUE 2 

TIME IN MODE 

MINUTES 

L. CC 

11. Jo 

FUEL PLOW 

LB/HK 

2- fcl 

a.u7 

AlR FLOW 

Lo/rlF, 

145. CQ 

430 .ou 

HYORUCAFtbLlN CUNC. 

PP.'1-C W 

42.00 

3360. OU 

OXIDES OF N ITkOGlN C 

UNO PPM r, 

S6* JO 

oS.UJ 

CAKbOu MUM OXIDE LsHC 

. PtW,b.O 

0. 03 

O.ij 

CAKuLjN DIOXIDE CUNC. 

PtPCcNT 

3.00 

3. 9U 

OXYGEN CON C . 

PlkCcNT 

15. bO 

15 *oO 

PROP* TbKQuE 

FT-LJ 

to. CO 

19. UG 

PROP* SPEED 

RPrt 

770.00 

IdOO.OU 


CUDLInG AIR TEMP 

DEl f 

72. CO 

72. DU 

INDUCTION AIR TErtP 

DEG F 

72.00 

72. OJ 

FUEL AIR K ATic 

Lij/Lb 

3.01 J13 

0.Glu40 

FUEL Aik EQUIVALENCE 

RATIO — 

0.26 

0.27 

ENGINE UbSERVfcD POWER 

HP 

G.tofi 

6.51 

L6S BKtP 

PSI 

2. 51 

7.4b 

06S BSPC to 

M/u HP— HR 

2.9b 7 

I. <.39 

EXHAUST MULE. MT* La/Lo-HOLt 

28. 95 

2b. 93 

MET CuRRttTIUN FACTOR 

— 

0. 95907 

0. 91 *u0 

HC EMISSION RaTE 

LJ/.HK 

0.00297 

0. 70j43 

HC MASS i MODE 

Lb 

0.00u05 

0. 1293s 

HC HASS / RATED HP 

Lb/HP 



HC - PERCENT Of ERA 

STANOAKU 



CD EMISSION RATE 

Lb 2 UR 

0.04112 

0.5d-t27 

CO MASS / NUDE 

Lb 

0. 0U069 

0.10712 

CO HASS / RATED HP 

Ld/HP 



CO - PERCENT OF EPA 

STANDARD 



NOX EMISSION KATE 

Lb/Hr. 

0.02017 

0. 04523 

NOX MASS / NODE 

Lb 

U. 00034 

G. CObsu 

NOX MASS 7 RATED HP 

Lb/HP 



NOX- PERCENT UF EPA 

STANDARD 



CALCULATED FUEL aIK RATIO FROM 

EXHAUST GAS 

ANALYSIS 

Cal. FUEL AIR RATIO 

LB/Ltt 

0.01000 

0.02069 

Dl FF- MEAS t CAL. F/a 

PERCENT 

-0.70 

9.45 


Rated 

Cl to 

EXHAUST 

H2C 

IN All* 


HP 

IHCH**3 

C — rt FORMULA PtRCEiyT 


lib. 00 

loU • GO 

1.000 1. 

650 0 

. 700 


I'lLUto 3 

MuDfc 4 

■ ItoUc 5 

RUDE 6 

hull 7 

TOTAL 

0.30 

5.00 

5.00 

5.00 

1. Ou 

27.30 

55.20 

40 .40 

2c.30 

3.07 

2. 61 


225 to. J to 

17o3 .00 

luUb.UU 

-*50.00 

143. Ou 


Too. 00 

fclAU .00 

IoSo.00 

33<j0 .00 

42. OU 


220. OU 

209.00 

179.00 

65.00 

Oto. 00 


U.Uto 

0.03 

■J. j6 

0.15 

0. 03 


D.DO 

4 . 70 

5.60 

3. 90 

5. 6U 


15.00 

i 4 .40 

12.00 

15.60 

15.00 


244.00 

105 .00 

150.00 

19.00 

Om 00 


2300. JU 

2500. OU 

1600.00 

IbOU.OO 

770.00 



72.00 

72.00 

72.00 

72.00 

72.00 


72.0 0 

72.00 

72.00 

72.00 

72.00 


(J .0246-* 

0.02300 

0.02033 

0.01390 

0. 01613 

0.0P174 TA 

0.56 

0.33 

0.41 

0.2 7 

0.26 

0.32 TA 

llto.15 

07.11 

51.41 

to. 31 

U. 66 


102.21 

76 .tob 

o2.t>3 

7.9fa 

2.51 


0*4/5 

0 . 4to*+ 

0.550 

1.259 

2. 9 6 7 


it). 94 

2b .95 

2o. 94 

26.95 

26. 9s 


J J 

0.9557** 

0.93133 

0.91900 

0. 93967 


0.66415 

0-/3131 

0.62114 

6. 7u545 

U. 6629 7 


0.00452 

U. JOU94 

0*06211 

0.05327 

0. Oj Ju5 

0.3120fi 
0. CQ269 
141.60 

1.2 7592 

0 . SL) 03 b 

3.33001 

0. 5o427 

0. 041 ii 


G.uOoso 

0.0**170 

0.33530 

0.02921 

c.touosy 

0. 521 58 
0. 00450 
10.71 

0.oUb2i 

0.5950b 

0.25432 

0.04525 

0.02 01? 


U.0U4D4 

J.0**992 

0.02943 

U. 0022b 

0. 0003** 

0.09463 
C. 00082 
54. BE 


O.Dc441 

Q »\) c.*ll <1 

O.02o97 

0. 02069 

0. DIO 00 

0. 02272 

r a 

-0.95 


2.20 

4.45 

-0. 70 

4.51 

TA 




THERMAL FUEL VAPORIZATION 
CASE 1 


DATA SOURCE : Ethyl Corporation (Ref. 51) 

ENGINE DESCRIPTION: 


Manufacturer: Chevrolet 

Cylinder Arrangement: V-8 

Displacement (in 3 ): 350 

Aspiration: Natural 

Rated (Maximum) Power: 176 hp at 3600 rpm - standard induction system 

183 hp at 3600 rpm - Ethyl TFS 


OPERATING CONDITIONS: 


MODE 

REQUIRED 

ACTU 

AL | 

BHP (%) 

HSfstMl 

BHP (%) 


Idle, In and Out 

- 

■ 

2. 

600. 

Taxi , In and Out 

- 

1 B 

3. 

1200. 

Take-Off 

100. 

100.% 

100. 

100.% 

Cl imb 

• 

o 

CO 

90.% 

80. 

90.% 

Approach 

40. 

87.% 

40. 

78.% 


ASSUMPTIONS: 

• NOx emission data not provided for take-off mode - used 
approach mode value. 

t No data provided for climb mode - used take-off mode emission 
data and fuel -air ratio. Calculated climb mode air and fuel 
flows based on engine horsepower. 
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Engine Description: 1975 Chevrolet - 8.5 C.R. - Standard 4-Barrei Induction System 

Engine Displacement: 350 CID 

Engine Rated Brake H.P.: 

Fuel Hydrogen-Carbon Ratio; 1.855 - IndcTene + 3 gn/gal TEL 


MODE 

NAME 

ENGINE CONDITIONS 
REQUIRED 

DATA REQUIRED 

ACTUAL ENGINE 
CONDITIONS 

l 

HASS 

AIR n,, FUEL- 
FLOW uk air 
( 1 li/hr) RATIO 

INDUCTION AIR UPSTREAM 

HC 

(ppm) 

N0x 

(ppm) 

CO 
( ) 

COp 

( f 

% 

MANIFOLD 

PRESSURE 

(in. 

Hg abs) 

ENGINE 

BRAKE 

HORSEPOWER 

(*) 

ENGINE 

SPEED 

ENGI HE 
TORQUE 
(ft/lb) 

ENGINE 
SPEED 
( rpm) 

m 

TEMPERATURE 

(°FJ 

PRESSURE 

(in, 

Hg abs) 

Uj 

Idle 

- 

600 rpm 

EES 


17.11 

97 

29.46 

48 

299 

50 


B 

3,60 

15.1 

29.7 

596 


Taxi 

- 

1200 rpm 

mw f 


17.63 

103 

29.33 

62 

228 

85 


12.10 

4.05 

10.8 

24.0 

1204 


Take-Off 

100 

1001 

98.4 


12.46 

94 

29.22 

80 

396 

- 


11.85 


27.8 

257.1 

3600 


Climb 

80 

90S of Max. 
















Approach 

50 

7 71 of Max. 

38.0 


15.89 

106 

29.34 

58 

164 

2525 

0.28 

13.50 

2.15 

— 

18.4 

137.6 

2800 



NOTES: 


HC 

- Total hydrocarbons in ppm Cx Hy by volume 

- undiluted 

(or) gm/hr of Cx Hy 

(define x and y) x = 6 

NOx 

- Total oxides of nitrogen In ppm by volume 

- Undiluted 

(or) gm/br of KQx 

(define x) x = 1 

00 

- Carbon monoxide In ppm or 1 by volume 

- Undiluted 

(or) gm/hr of CO 


002 

- Carbon dioxide in ppm or l by volune 

- Undiluted 

(or) gn/hr of CO 2 


°Z 

- Oxygen in ppm or 1 by volume 

- Undiluted 

(or) gm/hr of O 2 



! 
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350 CID CHEVROLET WITH STANDARD INTAKE MANIFOLD 


PBAKO I URY 

I*ET FUEL HYUKCGEN- 

TAMB 

KATEO 

CIO 

EXHAUST 

H20 

IN AIR 


IN HG ABS AEG f 

UEG t 

LAHtiUN K AT 10 

UEG F 

HP 

1NCH**3 

C - H FORMULA PERCENT 


29.3U0 1CU.U0 

70.20 

1.B55G 

loo. uo 

176.20 

350.00 

1.000 1. 

850 

0.890 



UNITS 

MUOE 1 

HGUE 2 

MOOE 3 

MODE 4 

MODE 5 

HOOE 6 

MOOE 7 

TOTAL 

TIME IN MULE 

MINUTES 

i.CC 

11.00 

0.30 

5.00 

6.00 

3.00 

1.00 

27.30 

FUEL FLOR 

L8/HK 

3.00 

7.60 

98.40 

31.96 

38.00 

7.60 

5.00 


AIM ELQW 

Lfl/H R 

85.55 

153.99 

1226.06 

1021.00 

603.32 

133.99 

85.55 


HYUKOCARBON CONG. 

PPM— C 

1794.00 

1363.00 

2376.00 

2376.00 

984.00 

1368.00 

1794.00 


UXIOES UF NITROGEN CUUL PPM 

30.00 

35.00 

2525.00 

2525.00 

2525.00 

85.00 

50.00 


CAKBCN MO NOXlCE UiNO. 

PERCENT 

G.C.9 

0.1c 

5.35 

5.35 

0.28 

0.12 

0.09 


CAKBCN uiOXIUE CONC. 

PtftCtNI 

i2.ao 

12.10 

11.35 

11.85 

13.50 

12. 10 

12.80 


OXYGEN CCNC. 

PERCENT 

3.60 

*.05 

0.18 

0.18 

2.15 

4.05 

3.60 


PRCP. ILK tUt 

FI— CB 

23* 1.0 

24. UO 

257.10 

228.53 

137.60 

24.00 

29.70 


PROP. SHE EG 

KPM 

596. tt 

1204-00 

3600.00 

3240.00 

2800.00 

1204.00 

596.00 


MfLU PRESSURE IN HG 

AbS UK* 

15.10 

10.30 

27.30 

27.80 

18.40 

10.80 

15. 10 



1NUUCT1UN A IX TEMP 

utii F 

1UU.UU 

L 00.00 

100.00 

IUU.UlJ 

100.00 

100. OO 

100.00 


FiikL AIK KAl 1 Li 

LB/L» 

U. 05357 

o. 05723 

0.08098 

0.08099 

0.06350 

0.05723 

0.05897 

0.06335 TA 

FUEL AIK ELUi VALENCE 

KAT1U 

0.86 

0.63 

1.18 

1.18 

0.93 

0. 33 

0. 86 

0.92 TA 

ENGINE CBSERVEU PUmEK 

HP 

s-37 

5.50 

176.23 

140.98 

73.36 

5.50 

3.37 


UBS 8MEP 

PSi 

12.80 

10.3a 

110.77 

9o.46 

59.29 

10.34 

12.80 


OBS 8SFC LbH/aHP— HK 

1.484 

1.3*1 

0.558 

0.581 

0.518 

1.381 

1.464 


Exhaust mule. *7. lb/lb-mcle 

23.91 

28.92 

27.92 

27.92 

28.91 

28.92 

28.91 


met CUKKEC I JJjN factor 

— 

0.38391 

0.88957 

0.66911 

0*86919 

0.88059 

0.889 57 

0.88391 


HC EMISSION KATE 

L87HK 

U. 0665 Li 

0. 08268 

1.35925 

1.13208 

0.28691 

0.08268 

0.06890 


ML MASS / NUUfc 

LU 

U. 00115 

0.01516 

0.00680 

0.09434 

0.02669 

0.00413 

0.00115 

0. 14942 

HC HASS / KATES) KP 

L87HP 








0.00085 

HC - PERCENT UF EPA 

SIAnUAKU 








44.63 

CU EMISSION KATE 

L 87 Hk 

0.06978 

0. 14641 

61.78664 

51.46022 

1.53327 

0.14641 

0.06978 


CO MASS 7 KtjUfc 

LB 

0. 00116 

0*02684 

0.30893 

4.28835 

0.15333 

0.00732 

0.00116 

4.78710 

CO MASS 7 KATEO HP 

LB7HP 








0.02717 

CU - PERCENT UF EPA 

STANUAKO 








64. 69 

NUX EMISSION KATE 

L3/HK 

0 . U Ut> j 7 

0.01703 

4.78986 

3.98933 

2.27112 

0.01703 

0.00637 


NuX MASS 7 MUOE 

LB 

O.OUOll 

0.00312 

0.02395 

0.33244 

0.22711 

0.00085 

0.00011 

0.58769 

NUX MASS / KATEO HP 

LB/HP 








0.00334 

NOX- PERCENT UF tPA 

SIANUAKO 








222.36 

C AlCULAT EU FUEL AIK RATIO FKUH 

exhaust gas 

ANALYSIS 







CAL. FUEL AIK RATIO 

LB/L8 

o. US 862 

0. 05682 

0.08051 

0.08051 

0.06300 

0.05682 

0. 05862 

0.06291 TA 

UIFF. MtAS S CAL. F/A 

PERCENT 

-0.59 

-0.72 

-0.58 

— 0 .60 

-0.78 

-0.72 

-0.59 

-0.69 FA 


j 


a 


1 ' ¥ 

*■ -- , » I 




! 


t 



Engine Description: 1975 Chevrolet - B.5 C.R, - TFM with 4-Barrel Carburetor 

Engine Displacement: 350 CID 

Engine Rated Brake H.P.: 

Fuel Hydrogen-Carbon Ratio: 1.957 - Indolene + 3 gm/gal TEL 


NODE 

NAME 

ENGINE CONDITIONS 
REQUIRED 

DATA REQUIRED 

ACTUAL ENGINE 
CONDITIONS 

FUEL 

FLOW 

(lb/hr) 

MASS 

AIR n FUEL- 
FLOW UK AIR 
(Ib/hr) RATIO 

INDUCTION AIR UPSTREAM 

HC 

(ppm) 

r:o* 

(ppm) 

CO 
( ) 

CO, 

(f 

°2 

(■> 

MANIFOLD 

PRESSURE 

(in. 

Hg abs) 

ENGINE 

BRAKE 

HORSEPOWER 

(S) 

ENGINE 

SPEED 

ENGINE 

TORQUE 

(ft/lb) 

ENGINE 

SPEED 

(rpm) 

INDICATED 
H.P. OR 
FRICTI0NA1 
H.P. 

TEMPERATURE 

(°F) 

PRESSURE 

(in. 

Hg abs) 

SPECIFIC 
HUMIDITY 
(crai ns/ 

ibL 

idle 

- 

600 rpm 

5. I 


17.26 

96 

29. IB 

37 

228 

60 

0.10 

12.50 

3.50 

14.7 

29.8 

602 


Taxi 

- 

1200 rpm 

7.7 


17.62 

94 

29.18 

21 

141 

03 

0.11 

12.25 

4.00 

10.7 

24.3 

1202 


Take-Off 

100 

1Q0X 

96.5 


12.26 

98 

28.98 

28 

275 

- 

5.9 

11,60 

0.10 

27-9 

266.2 

3603 


Cl fad) 

90 

90S of Max. 
















Approach 

50 

77X of Max. 

36.8 


16.06 

104 

29.60 

14 

77 

2800 

0.13 

13.40 

2.00 

18.8 

137,3 

2800 





NOTES: 


HC 

NOx 

CO 


C02 

°2 


- Total hydrocarbons in ppm Cx Hy by voluire 

- Total oxides of nitrogen in ppm by volume 

- Carbon monoxide In ppa or X by volume 

- Carbon dioxide in ppm or X by volume 

- Oxygen in ppm or X by volume 


- Undiluted 

- Undiluted 

- Undiluted 

- Undiluted 

- Undiluted 


(or) 

(or) 

(or) 

(or) 

(or) 


gsn/hr of Cx Hy 
gm/hr of NOx 
gm/hr of CO 
jjn/hr Of C02 
gm/hr of Og 


(define x and y) x 
[define x) x 


= 6 
- 1 


\ 
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350 CID CHEVROLET WITH ETHVL TURBULENT FLOW MANIFOLD 


PBA8C TORY 

iMt T FUEL HTURCGEN- 

TAHt> 

RAT tl) 

CIO 

EXHAUST 

H20 

IN AIR 


IN H6 AbS fitb f 

OEG f 

CAR8UN RAIiU 

urn F 

HP 

INCH**3 

C - H FORMULA PERCENT 


29.200 Sd .00 

o2 .1>0 

1.967U 

98.00 

182.60 

350. 00 

1.000 1. 

850 0 

.365 



UNIT 5 

HOUfc 1 

HUOE 2 

MOOt 3 

MUOt 4 

MODE 5 

MOOb 6 

MUQE 7 

TOTAL 

IlHt IN HOUE 

MINUTES 

1.00 

11.4/0 

0.30 

3-UO 

6.00 

3.00 

1.00 

27.30 

FUEL FLO* 

Lfi/HK 

5. 10 

7.70 

96.50 

80.85 

36.80 

7.70 

5.10 


AIM FLOW 

L8/HR 

88. 03 

135.67 

1183. 09 

991.00 

591.01 

135.67 

88.03 


HYflRCCARbUN CONC. 

PPM-C 

I3oa.0 0 

846.00 

1650.00 

1650.00 

462.00 

846. 00 

1368.00 


UAlOES OF NITROGEN CGNC PPM 

oO.Oii 

88.00 

2800.00 

2800.00 

2600.00 

83. 00 

60.00 


C AKBGN MCNOAiUE OJNC. 

PtnCENT 

0. 10 

0.11 

5.90 

5.90 

0.13 

0.11 

0. 10 


CAKbGtv UlOAUE CONC. 

PEKCfcNT 

It. 50 

12.28 

11.60 

11.60 

13.40 

12.25 

12.50 


UAYbfcN UuVC. 

Ftit'ENl 

3. 50 

4.00 

0.10 

u.io 

2.00 

4.00 

3. 50 


PfUiP. TQMOOt 

FI-Lb 

29. bo 

24.30 

266.20 

236 .62 

137.30 

24.30 

29.80 


PMOP. SPEED 

KPM 

602.00 

1202.00 

3603.00 

3242.70 

2800.00 

1202.00 

602.00 


MFUJ PRESSURE IN Hti 

ABS DRY 

14.70 

10.70 

27.90 

27.90 

16.80 

10.70 

14.70 



INDUCT ION AIR TEMP 

UEO F 

98.00 

98.00 

98.00 

98.00 

98.00 

98.00 

98.00 


FUEL air RAT1U 

Lb/LB 

U. 05815 

0. 05e96 

0.08186 

0.08188 

0.06249 

0.U5S96 

0. 058 15 

0.06310 TA 

FUEL Aik EQUIVALENCE 

RATIO — 

0.86 

0.84 

1.21 

1.21 

0.92 

0.84 

0.86 

0.93 TA 

trtblNt uttstRVED Piiatk 

HP 

3.42 

5.56 

162.62 

146.09 

73.20 

5. 56 

3.42 


OBS EHEP 

PSi 

12.84 

10.47 

114.69 

ill l. 95 

59.16 

10.47 

12.84 


UBS BSFC LBH/BHP— HR 

1.493 

1.385 

0.528 

0.553 

0.503 

1.385 

1.493 


EXHAUST MOLE. Ml. LB/UJ-MOLt 

28.91 

28.91 

27. 78 

27.78 

28.91 

28.91 

28.91 


MET CORRECT UN FACTOR 


O.BBolt 

0.89110 

0.87178 

0.87186 

0.88202 

0.891 10 

0.88612 


HC EMISSION RATE 

C8/HK 

0.06417 

0.05186 

0.91919 

0.77007 

0.12278 

0.05186 

0.05417 


HC MASS / NOUt 

Lb 

O.GoUiG 

0.00951 

0.00460 

0.06417 

Q.01228 

0.00259 

0.00090 

0. 09495 

HC MASS / MATEO HP 

LB/HP 








0. 00052 

HC - PERCENT OF EPA 

STANDARD 








27.37 

CO EMISSION RATE 

LB /HR 

U. 07994 

0.13614 

66.35297 

56.58820 

0.69745 

0.13614 

0.07994 


CU HASS / NOOfc 

L 0 

U.0U133 

0. 02496 

0.33176 

4.63235 

0.06975 

0.00681 

0.00133 

5.06829 

CO HASS / RATED HP 

LB/HP 








0. 02776 

CO - PtKCENI OF EPA 

Ui 

1 

i 

t 








66.09 

NliX EMISSION RATE 

LB/HR 

0.00788 

0.01667 

5.17234 

4.33320 

2.46745 

0.01687 

0.00788 


NOA MASS / MODE 

LB 

0.00013 

0.00309 

0.02586 

0.36110 

0.24675 

0.QQJ84 

0.00013 

0.63791 

NUA MASS / MATEO HP 

LB/HP 








0. 00349 

MCA— PEMCtNI OF tPA 

ST AN OAHU 








232.90 

CALCULATED FUEL AIK RATIO FROM 

FAHAUST gas 

ANALYST S 







CAL. FUEL AIR RATIO 

lU/LB 

0. 05806 

0.05638 

0*08076 

0.08076 

0.06225 

0.05638 

0.05806 

0.06253 TA 

U IFF. NBAS fc CAL. F/A 

PERCENT 

-0.15 

-1.02 

-1.35 

-1.37 

-0.39 

-1.02 

-0.15 

-0.91 TA 


THERMAL FUEL VAPORIZATION 
CASE 2 


DATA SOURCE : Ethyl Corporation {Ref. 51) 

ENGINE DESCRIPTION: 


Manufacturer: BMW 

Cylinder Arrangement: 1-4 

Displacement (in 3 ): 121.3 

Aspiration: Natural 

Rated (Maximum) Power: 100 hp at 5200 rpm - Standard induction system 

103 hp at 5200 rpm - Ethyl TFS 

OPERATING CONDITIONS: 


MODE 

REQU] 

[RED 

ACTUAL | 

BHP (%) 

rpm 

BHP {%) 

M 

. 

Idle, In and Out 

- 

600. 

1 . 

950. 

Taxi, In and Out 

- 

1200. 

6. 

1600. 

Take-Off 

100 . 

100 -% 

100. 

100.% 

Cl imb 

80. 

90.% 

80. 

90.% 

Approach 

40. 

87.% 

31. 

69.% 


ASSUMPTIONS: 

• NOx emission data not provided for take-off mode - used approach 
mode value. 

• No emission data provided for climb mode - used take-off mode 
data and fuel-air ratio. Calculated climb mode air and fuel 
flows based on engine horsepower. 
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Engine Description; 1973 BMW 4-Cylinder - 9-0 C.H. - Production Intake System with Staged 2-Barrel Carburetor 
Engine Displacement: 121.3 Cl D (1988 CC) 

Engine Rated Brake H.P,: 

Fuel Hydrogen-Carbon Ratio: 1.B55 - Indolene + 3 gm/gal TEL 



ENGINE CONDITIONS 
REQUIRED 



DATA REQUIRED 

ACTUAL ENGINE 

mok 

NAME 

ENGINE 
1 BRAKE 
HORSEPOWER 
, (*) 

ENGINE 

SPEED 

'UEL 
FLOW 
( lb/hr) 

NASS 

AIR Or FUEL - 
FLOW W AJR 

(Ib/hr) RATIO 

INDUCTION AIR UPSTREAM 

PRESSURE jjf’itfJfiG 
TEMPERATURE (in. 

(°F) Hg abs) <W S/ 

1 HC 
i (ppm) 

HOx 
i (ppm) 

CO 
{■ } 

C0 2 

n 


MANIFOLD 

PRES5URE 

{in. 

Hg abs) 

ENGINE ENGINE 
TORQUE SPEED 
(ft/lb) (rpm) 

INDICATED 
H.P. OR 
FRICTIONAL 
H.P. 

Idle 


6D0 rpm 

2.5 


13.96 

69 

29.17 

38 

561 

90 

2.00 

13.65 

0.70 

10.17 

i 2.5 

950 


Taxi 

- 

1200 rpm 

5.0 


| 13.35 

89 

29.17 

38 

604 

245 

2.90 

13.90 

0.30 

11.17 

18.0 

1600 


Take-Off 

100 

100% 

1 49.2 


12.93 

92 

26.81 

46 

407 

- 

4.05 

12.80 

0.15 

27.01 

101 .4 

5200 


Climb 

90 

90* of Max. 
















Approach 

40 

69% Df Max. 

17.3 

i 


14.46 

95 

29.40 

22 

414 

1950 

i 

1.30 

13.80 

0.95 

! 16. SO 

45.6 

3600 



NOTES: 

HC 

NOx 

CO 

C0 2 

°2 


- Total hydrocarbons In ppm Cx Hy by volume - Undiluted (or) gm/hr of Cx Hy (define x and y) x = 6 

- Total Dxides of nitrogen in ppm by volume - Undiluted (or) gm/hr of NOx (define x) x = 1 

- Carbon monoxide in ppm or I by volume - Undiluted (or) gm/hr of CO 

* Carbon dioxide in ppm or S by volume - Undiluted (or) gm/hr of C0 2 

- Oxygen in ppm or % by volume - Undiluted (or) gm/hr of Oj 
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121 CID BMW WITH STANDARD INTAKE MANIFOLD 


PbAKU I UKY 

l ml I Full hyukcGlh- 

Iamb 

KAILU 

CIO 

EXHAUST 

H20 

IN AIR 


IN hG AB$ CtG F 

UlO F 

CAKBUft HAliU 

Uto F 

HP 

JNCH**3 

C - H FORMULA PERCENT 


29.140 91.30 

62.20 

l.BSSU 

91.30 

1U0.4U 

121.30 

l.UOO 1. 

650 

0.526 



UNITS 

MUOt 1 

HUUL 2 

MOOt 5 

MUOt 4 

MOOt 5 

MUOt 6 

MOUE 7 

TOTAL 

T IMt 1ft Mull; 

MINUTES 

l.UO 

11. uo 

0.30 

3 .Oil 

6.00 

3.00 

1.00 

27.30 

FULL FLCK 

L6/HR 

2.30 

5.U0 

49.20 

4i. ai 

17.30 

5. GO 

2.50 


Aik FLU* 

CB/HR 

34.95 

06.7 3 

636.16 

541. OU 

250.50 

66. 75 

34.95 


htdkgca h6un cuhc * 

PPH-C 

JJL6. Oil 

3024.00 

2442.00 

2442.00 

2454.00 

5624.00 

3366. 00 


UAlutS uF MfKOutft 

CuNC PPM 

90.00 

245. UO 

1930.00 

1950.00 

1950.00 

245.00 

90.00 


CAHdUAi MUNOA1UL CUNC. Ptk.Lk.H1 

2. CO 

2.90 

4*05 

4.05 

1.30 

2.90 

2.00 


CARBCN UlUXlUL CGNC 

. PERCENT 

13. E5 

12.90 

l2.au 

12. do 

13.60 

12.90 

13.65 


OXYGEN CUNC. 

PERCENT 

0. 70 

0.3 0 

0.15 

0.15 

0.95 

0.30 

0.70 


PROP. TCHLUt 

FT-Lb 

2.50 

Id. 00 

101.40 

90.14 

43.60 

16.00 

2.50 


Pit UP. SPttL 

RPM 

95u. 00 

1600.00 

3200.00 

4650. 00 

3600.00 

1600.00 

950.00 


KFLU PKLSSUKfc IN 

HG AbS UK Y 

1U. 17 

11.17 

27.01 

27.01 

16.80 

11. 17 

10.17 



1MCUCT ION AIR TEMP 

UtU F 

51.30 

91.30 

91. JO 

91.30 

91.30 

91.30 

91.30 


FUEL AIK KAIlU 

LB/LB 

0.0 7191 

0.07530 

0.07773 

U.U7769 

0.06943 

0. 07530 

0.07191 

0.07423 TA 

FUEL AIR tOil VALENCE 

RATIO — 

1.C5 

1.10 

1.13 

1.13 

1.01 

1.10 

1.05 

1.08 TA 

tNGlNE UBSERYEU PUMtK 

HP 

0.45 

5.46 

1U0.40 

60.32 

31.26 

5.46 

0.45 


UBS BMtP 

PSi 

3.11 

22.36 

126.06 

112.06 

56.69 

22.36 

3.11 


UBS BSFC LBM/BHP— HR 

5. 32B 

0.912 

0.44 V 

0.521 

0.553 

0.912 

5.526 


EXHAUST MULE. Hi. LU/LB-HQLt 

26*63 

26.36 

28.17 

2o.l7 

26.63 

26. 36 

28.63 


UEI CUKktCTiUN FAuTOK 

— 

0.670B3 

0.67227 

0.67036 

0.67011 

0.67495 

0.67227 

0.87083 


HL EMISSION KATE 

Lb/tlK 

U.U532U 

0.11097 

0.71735 

0.60991 

U. 28011 

U. 11097 

0.05320 


HC MASS / MGut 

LB 

0.U0U69 

0.02034 

0.00359 

0. 05083 

0.02601 

0. 00555 

0.00089 

0.11009 

HC MASS / RAT Lit HP 

LB/HP 








0. UQ1 l 0 

HC - PERCENT uF tPA 

STANUAKU 








57,71 

Cu EMISSION KATE 

LB/HK 

U. 63614 

1.79266 

24.02402 

20.42030 

2.95937 

1.79266 

0.63814 


CU MASS / Mtuc 

LB 

0.01064 

0.32663 

0.12012 

1.70169 

0.29594 

0.06963 

0.01064 

2.55730 

CG MASS / MAI EC HP 

LB/HP 








0.02547 

CU - PERCENT UF LPA 

STANDARD 








60.65 

NUX EMISSICN KATE 

LB/HK 

0.004 72 

0.024b 6 

1.89996 

1.61496 

0.72914 

0.02486 

0.00472 


NUX MASS / MJUE 

LB 

0.00006 

0. 0045 6 

0.00950 

0.13456 

0.07291 

0. 00124 

0.00008 

0.22296 

NUX MASS / RAT EU HP 

LS/HP 








0. 00222 

NOX- PERCENT uF tPA 

STANUAKU 








148.04 

CALCUCATEU A. 'LL AlH RATIO FROM 

EXHAUST GAS 

ANALYS1 S 







CAE. FUEL AIK RATIO 

LB/LB 

0.07201 

0.07544 

U. 07760 

U.07 760 

0.06943 

0.07544 

0.07201 

0.07429 TA 

U1FF. MtAS L CAL. F/A 

PERCENT 

0.13 

0.1b 

-0.19 

-0.12 

0.01 

0.18 

0.13 

0.08 TA 


! 
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Engine Description: 1973 BMW - 4-Cylinder •• 9.0 C.R. - TFM with Staged 2-Earrel Carburetor 

Engine Displacement: 121.3 CID (19B8 CC} 

Engine Rated Brake H.P.: 

Fuel Hydrogen-Carbon Ratio: 1-855 * Indclene + 3 gm/gal TEL 


MODE 

NAME 

ENGINE CONDITIONS 

DCnillQCtl 

DATA REQUIRED 






ACTUAL ENGINE 
CONDITIONS 

ENGINE 

BRAKE 

HORSEPOWER 

(1) 

ENGINE 

SPEED 

FUEL 

FLOW 

(Ib/hr) 

MASS 

AIR FUEL- 

FLOW U *AIR 
(Ib/hr) RATIO 

INDUCTION AIR UPSTREAM 

HC 

(ppm) 



CO? 

<C) 

1h 

MANIFOLD 

PRESSURE 

{in. 

Hg abs) 

ENGINE 

TORQUE 

(ft/lb) 

ENGINE 

SPEED 

(rpm) 

INDICATED 
H.P. OR 
FRICTIONAL 
H.P. 

TEMPERATURE 

(°F) 

PRESSURE 

[in. 

Hg abs) 

SPECIFIC 

HUMIDITY 

(grains/ 

lb) 

NOx 

(ppm) 

CO 

(-) 

Idle 


600 rpm 

2.5 


15.86 

93 

29.40 

25 

190 

135 

0.17 

13.8 

2.00 

12.10 

3.2 

950 


Taxi 

- 

1200 rpm 

5.0 


15.18 

94 

29.40 

25 

360 

620 

0.30 

14.25 

1.25 

12.20 

18.4 

1600 


Take-Off 

100 

100S 

49.5 


12.88 

B3 

29.30 

34 

372 

- 

4. 15 

12.10 

2.30 

27.00 

103.5 

5200 


Climb 

80 

901 of Max. 
















Approach 

40 

87% Of Max. 

17.6 


18.19 

96 

29.39 

53 

243 

600 

0.16 

11,75 

4,60 

20.89 

44.6 

3600 



NOTES: 

HC 

NOx 

CO 

C02 

°2 


- Total hydrocarbons in ppm Cx Hy by volume 

- Total oxides of nitrogen In ppm by volume 

- Carbon monoxide In ppm or % by volume 

- Carbon dioxide In ppm or S by volume 

- Oxygen In ppm or % by volume 


- Undiluted 

- Undiluted 

- Undiluted 

- Undiluted 

- Undiluted 


(or) gra/hr of Cx Hy 
(or) gm/hr of NOx 
(or) gm/hr Df CO 
(or) gn/hr of CO? 
(or) gm/hr of Oj 


(define x and y} 
(define x) 


x = 6 

X = 1 


= ■■ ! 




1 

r« 


*- • -- ■ i 
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121 CID BMW WITH ETHYL. TURBULENT FLOW MANIFOLD 


PbAKO T DRV 

IrtfcT FUEL HYDKDGEJ*- 

TAHb 

RATED 

IN HO AbS L tO F 

UEG F 

CARBON RATIO 

OEG F 

HP 

29.400 91.50 

o2.G0 

1.8550 

91. 5 U 

102.50 


UNITS 

MODE 1 

ROUE 2 

MODE 3 

TIME IN MODE 

R1NUTES 

l.CO 

11. UU 

0.30 

FUEl FLUh 

Lb/HR 

2.50 

5.U0 

49.50 

AIK FLGH 

Lb/HR 

39.65 

75.90 

637.56 

HVUK^CAKBCN CuNC. 

PPM— C 

114C.00 

21oQ.GU 

2232.00 

UXlUtS OF AITKUGEN 

CUNL PPM 

135. CO 

o20.DU 

620.00 

CAKBLN MONOXIDE CUNC. PERCENT 

0.17 

0.30 

4.15 

CAP.BCN DiCIXlUE CONC. PERCENT 

13.80 

14.25 

12.10 

OXYGEN CONC. 

PERCENT 

2. CO 

1.25 

2.30 

PROP. TOKOUE 

FT-LB 

3.20 

18.40 

103.50 

PROP. SPEED 

MPM 

950.00 

1600.60 

5200.00 

HELD PRESSURE IN 

HG AbS UHY 

12.10 

12.20 

27.00 


1NOOCT1CN AIR TEMP 

Dec F 

91.50 

91.50 

91.50 

FUEL AIR RATIO 

LB/Lb 

0. 0O338 

0. 06621 

0.07804 

fuel air equivalence 

RATIO — 

0. 92 

0.97 

1.14 

ENGINE OBSERVED PuREK 

HP 

0.58 

5.61 

102.48 

ObS fiMEP 

PSI 

3.51 

22.50 

126.58 

OBS BSFC CbM/BHP— HR 

4.31S 

0.892 

0.483 

exhaust mole. ui. lb/lb-mqle 

28.51 

28.91 

28.14 

Mti LUKkfcC I ION FACTOR 

— 

0*87942 

0.87496 

0.90/42 

HC EMISSION RATE 

Lb/HR 

0.02028 

0.07339 

0.68601 

HC MASS / MCliE 

Lb 

0. 00034 

0.01345 

0.00343 

HC MASS 2 RATEU F.P 

Lb/HP 




HC - PERCENT OF EPA 

STANDARD 




CO EMISSION KATE 

LB/HR 

0.06105 

0.20576 

25.74953 

CO MASS / MOUE 

LB 

0. 00102 

0. 03772 

0.12875 

CC HASS / RATED HP 

LB/HP 




CO - PERCENT OF EPA 

STANDARD 




NOX EMISSION RATI 

Lb/HR 

0.00796 

0.06985 

0.6318b 

NOX MASS > ROUE 

Lb 

0.00013 

0. 01281 

0.00316 

NUX MASS / RATED HP 

Lb/HP 




nox- percent of epa 

STANDARD 




calculated fuel air ratio from 

EXHAUST UAS 

ANALT61S 


CAL. FUEL AIK RATIO 

Lb/Lb 

0.06337 

0.06639 

0.07095 

OIFF. MEAS L CAL. P/A 

PERCENT 

-0.01 

0.26 

-9.08 



C1U EXHAUST H2Q IN AIR 

INCH**3 C - H FORMULA PERCENT 

123.30 1.000 1.850 0.511 


MODE 4 

MODE 5 

MODE 6 

MODE 7 

TOTAL 

5.00 

6.00 

3.00 

1.00 

27.30 

*6.33 

17.60 

5.00 

2.50 


597.00 

320.14 

75.90 

39.65 


2232.00 

1458.00 

2160.00 

1140.00 


620.00 

600.00 

620.00 

135.00 


4.15 

0.16 

0.30 

0.17 


12.10 

11.75 

14.25 

13.80 


2.30 

4.60 

1.25 

2.00 


92.00 

44.60 

18.40 

3.20 


4680.00 

3600.00 

1600.00 

950.00 


27.00 

20.89 

12.20 

12.10 



91.50 

91.50 

91.50 

91.50 


O.U7800 

0.05526 

Q.U6621 

0.06338 

0.06589 TA 

1.14 

0.81 

0.97 

0.92 

0.96 TA 

81.98 

30.57 

5.61 

0.58 


112.52 

54.55 

22.50 

3.91 


0.565 

0.576 

0.892 

4.319 


28.15 

28.92 

28.91 

2 b. 91 


0.90726 

0.89490 

0.87496 

G.d7942 


0.64217 

0.21144 

0.07339 

0.02028 


0.05351 

0.02114 

0.00367 

0.00034 

0.09589 

0.00094 





49.24 

24.10400 

0.46842 

0.20576 

0.06105 


2.00867 

U. 04684 

0.01029 

0.00102 

2.23430 

0.02180 





51.90 

0.59150 

0.28853 

0.06965 

0.00/96 


0.04929 

0.02885 

0.00349 

0.00013 

0. 09787 


0. 00095 


63.65 


0.07095 0.05526 0.06639 0.06337 0.06461 TA 

-9.04 -0.00 0.26 -0.01 -1-95 TA 


f 
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Additional firms were contacted (Refs. 55 through 66) but were unable to 
provide emissions data due to proprietary reasons or lack of suitable 
data. 


APPENDIX B. EXHAUST EMISSIONS 
CALCULATION PROCEDURE 


I. 


THE COMBUSTION EQUATION 


The chemical equation for the combustion of a hydrocarbon fuel 
in air can be represented symbolically by: 

Fuel + Air > Products of Combustion 

To be able to deal mathematically with the combustion equation, it must 
be written in a form such that the coefficients, representing the quanti- 
ties of each constituent, are known by virtue of measurement or are 
calculable using the principles of mass conservation or chemical equilibrium. 


The combustion equation used as the basis for the emissions 
calculations is: 


Fuel 
/ \ 


Air 


(Mf) - C x Hy + (Ma) [02 + (3.72744) N 2 + (0.04451) Ar ] + (M w ) 


Atmospheric 

Humidity 

J \ . 

H 2 0 > 


+ 

+ 


(Ml ) • H 2 0 + (M^) ■ C0 2 + (M 3 ) 
(M 6 ) • Cp H q + (M 7 ) • H 2 + (Mg) 
(Mu) • c 


CO + (M^) • NO + (M e ) • 0 2 + 

N 2 + (Mg) • Ar + (Mjq) ‘ N0 2 + 


where 


Mi is the number of lbm-moles of the i th constituent. One 
lbm-mole (pound-mass mole) of a substance is a quantity of 
that substance in pounds-mass, numerically equal to the 
molecular weight of the substance in atomic mass units. 

One lbm-mole of water (H 2 O) , therefore, would have a mass 
of (2) (1.008) + 16 = 18.016 lbm. 


C X % 

a pure hydrocarbon 
carbon and y atoms 

fuel containing x atoms of 
of hydrogen in each molecule 


- oxygen 


n 2 

- nitrogen 


Ar 

- argon 


H 2 0 

- water (vapor) 


C0 2 

- carbon dioxide 


CO 

- carbon monoxide 


NO 

- nitric oxide 
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N 02 - nitrogen dioxide 

Cp Hq - unburned hydrocarbon exhaust product containing 
p atoms of carbon and q atoms of hydrogen in 
each molecule 


H 2 ~ hydrogen 

C - solid carbon 


TCM represents the fuel, CxHy, as a pure hydrocarbon molecule. 

Fuel additives containing elements other than hydrogen and carbon such 
as antiknock agents, deposit modifiers, detergents, etc. are ignored in 
the combustion equation since they are deemed negligible. The fuel 
molecule, C x Hy, then is representative of a nominal or average hydrocarbon 
molecule with a ratio of hydrogen to carbon atoms of y/x. Although the 
actual values of y and x for the gasoline vary considerably and no specific 
values can be assigned to them in our simplified fuel molecule, the ratio 
of hydrogen to carbon atoms in 100/130 octane aviation gasoline can be 
measured and remains relatively constant at a value of about 2.125. 

Likewise, the unburned hydrocarbon constituent in the exhaust 
may contain several species of hydrocarbons, but a ratio of q/p of 1.85 
has been suggested to represent the average ratio of hydrogen to carbon 
in the exhaust hydrocarbon pollutant. This value, however, for the 
purpose of this analysis will be considered unknown. 


II . BALANCING THE COMBUSTION EQUATION 

By the principle of conservation of mass, we know that the atomic 
quantities introduced into the engine induction system must also be present 
in the exhaust even though they are rearranged into different molecules 
by the combustion chemical reaction. Hence, all the carbon atoms entering 
the engine in the form of hydrocarbon fuel molecules must be present in 
the exhaust in the form of CO, CO 2 , and Cp Hq. This atom-balancing tech- 
nique provides us with a system of equations by which we may solve for 
unknown quantities. 

Going back to the original combustion equation, we eliminate solid 
carbon, C, and nitrogen dioxide, NO 2 (it has been found that NO 2 does not 
exist in any significant quantity for our engines) , and then divide each 
molar value on both sides of the equation by the sum of the molar values 
on the right-hand side. The equation then becomes 


(m f ) • C x H y + (m a ) [02 + (3.72744) N 2 + (0.04451) Ar] + ( 1 %) * H 2 O > 

(mj) ‘ H 2 O + (m 2 ) * COy + (m 3 ) • CO + ( 1114 ) ■ NO -5- (ms) • O 2 + 

(m 6 ) * Cp Hq + ( 1117 ) * H 2 + (m 3 ) • N 2 + (mg) * Ar 
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where 


Mi 

M! + M 2 + M 3 + M 4 + M 5 + M 6 + M 7 + Mg + M 9 


m i = 

Thus, every molar coefficient on the right-hand side of the equation is 
now expressed in mole fractions such that 

+ m 2 + m 3 + mi t + nig + mg + 107 + mg + mg = 1.0, 

This is done for convenience, and the reason for it will be demonstrated 
later. 


The nine products of combustion represent an estimated 99.998% 
of the chemical composition of an equilibrium mixture at exhaust gas 
temperatures below 3,000°R. 

An oxygen balance results in Equation (1) : 

2 m a + = mi + 2m 2 + m 3 + + 2mg 

or 


mi = 2m a + nfy ~ 2m 2 ~ m 3 - 1114 - 2m 5 
A carbon balance gives Equation (2) : 
x « irif = m 2 + m 3 + p • mg 
or 

m 2 + m 3 + p • mg 

m f = 1 

x 


( 1 ) 


(2) 


Since our measurement of Cp Hq is in parts per million carbon equivalent, 
we can represent Cp Hq as CHq/p. Equation (2) then becomes 

m 2 + m 3 + m 6 

mf (2) 

x 

The remaining atomic balances are as follows: 

Hydrogen Balance: ym£ + 211^ = 2mj + ^ rag + 2m 7 (3) 

P 

Nitrogen Balance: (3.72744) (2) m a = mq + 2mg (4) 

Argon Balance: (0.04451) tn a = m 9 . (5) 
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III. 


THE WATER CORRECTION FACTOR 


Since CO, C0 2 , and O2 are measured on a dry volumetric basis 
(the water vapor being removed from the exhaust sample before measurement), 
and HC and NO are measured on a wet volumetric basis, we must determine 
the amount of water vapor removed from the dry sample in order to correct 
all measured values to either a dry or a wet volumetric basis for cal- 
culative purposes. In doing this, we are solving for one of the unknowns, 
i .e . , mj (H2O) . 

We can define the fuel to dry air mass ratio as 
f mf (12.011 x + 1.008 y) 

A = m a (138.2689) (6) 


where 


(12.011 x + 1.008 y) = fuel molecular weight 
and 

138,2689 = pounds-mass of air 

per lbm-mole of oxygen. 

The specific humidity, or water vapor to dry air mass ratio is 


W m w (18.016) 

A " m a (138.2689) * (7) 

By substituting Equations (2), (6), and (7) into Equation (1) 
and rearranging the terms , we have 

T ul ( m 2 + m3 + mg) (12.011 + 1.008 

mi ° 2 + 7.67478 j\ — 

L A J 138.2689 (f/A) 

- 2m? - m3 - 1114 - 21115 . (8) 


For clarity, Equation (8) may be rewritten using chemical symbols to 
represent the mole fraction for each constituent 


h 2 o 


2 + 7.67478 £ 
A 



(co 2 


+ CO + HC) (12.011 + 1.008 
138.2689 (f/A) _ 


- 2C0 2 - CO - NO - 20 2 . 


(9) 


Equation (9) then represents the total water vapor (humidity plus water 
of combustion) contained in the exhaust gas with each constituent measured 
on a wet basis. 
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Defining the water correction factor as 


C w = 1.0 - h 2 o 


( 10 ) 


we can convert the entire Equation (9) to dry basis measurements by 
dividing by ( 1.0 - H 2 O) 


» 2 ° 

1-H 2 0 


1 


2 + 7.67478 ~ 
A 


HC wet \ / 

C ° 2j -~ + CO dry + ( 


'dry 


12.011 + 1.008 


138.2689 (f/A) 


NO, 


- 2C0 0 - 00 , 

2 dry dr y 


wet 


1 -H 2 0 2 ° 2 dry 


(ID 


where 


CO 


2 dry 


CO? 

^wet 

1 - h 2 o 


, etc . 


The solution to Equation (11) may be obtained iteratively by 
assuming a value for H 2 0 on the right-hand side of the equation, solving 
for H 2 0 on the left-hand side, using this new value for H 2 0 on the right- 
hand side, and repeating the process until satisfactory agreement has 
been obtained between the assumed and calculated values. Using this 
scheme, convergence is obtained usually within four iterations, starting 
with H 2 0 equalling zero on the right-hand side of the equation. 

A more expansive chemical equilibrium calculation was made over 
the normal range of fuel air ratios, considering the products of combus- 
tion to include: C, A, CO, C0 2 , H 2j H 2 0, N 2 , 0 2 , 0 , OH, H, NO, N, NH 3 , and 
CH^. The maximum error determined in the calculation of water vapor using 
our abbreviated product of combustion equation was less than one-half of 
1 percent , 

The solution to the wet correction factor then was obtained by 
using five equations [(1), (2), ( 6 ), (7), and (10)] involving five unknowns: 
m a , n^, , m^, and Cy. The assumptions made in order to effect a solution 

to the water correction factor are: 

• The combustion equation represents all of the elemental 
constituents involved in the actual combustion process. 

• The ratio of hydrogen to carbon atoms for all 100/130 
octane aviation gasolines remains constant at (y/x). 
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While there are similar methods which can be used to calculate the water 
correction factor, it is believed that this method involves the use of 
the least number of assumptions leading to the most accurate estimate 
of C w based on the quantities currently being measured. 


IV. CALCULATION OF MASS EMISSION VALUES 


As mentioned previously, the raw emissions are measured on a 
volumetric basis in percent or parts per million. In order to determine 
the emissions based on the requirements of the EPA Standards, these 
volumetric values must be converted to volumetric flow rate and then to 
mass flow values in accordance with Equation (12) . 

pollutant 
mass 

emission 
rate 


exhaust 

volumetric 

flow 

rate 


pollutant 

volumetric 

concentration 


pollutant 

density 


( 12 ) 


For this equation, the pollutant densities arc specified in the 
Federal Register at a standard pressure and temperature of 760 mm Hg and 
68°F. The values of pollutant volumetric concentrations (CO, HC, NOx) 
are measured, and, in order to calculate the mass emission rates, the 
exhaust volumetric flow rate must be known. 


The EPA Standards state that the exhaust volumetric flow rate 
"shall be calculated in accordance with good engineering practices". 


TCM calculates the exhaust volumetric flow rate at the standard 
pressure and temperature of 760 mm Hg and 68°F, using the assumption 
that the exhaust gas follows the ideal gas equation of state. 


'EXH 


R m T R (f + A") T 


M EXH P 


M P 
“EXH r 


(13) 


where 


V EXH 

R 

m 


T 


exhaust volumetric flow rate, ft 3 /hr 


universal gas constant 1545.33 


ft-lbf 
lbm-mole R 


total exhaust gas mass flow (also equal to 
total induction mass flow of fuel and air 
by principle of mass conservation), lbm/hr 


absolute temperature, 528°R (68°F) 
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^EXH “ ex ^ auSt gas molecular weight 

P - exhaust pressure, 2116 (760 mm Hg) 

f - fuel mass flow, ibm/hr 

A" - humid air mass flow, lbm/hr. 

In Equation (13), R, T, and P are given values and ra is measured. The 
value of the exhaust gas molecular weight can be calculated from exhaust 
products as follows: 

m EXH = £ ra i M i (14) 

where 

m EXH ” the "apparent molecular weight" of the 
exhaust gas 

- the molecular weight of each constituent 

m^ - the mole fraction of each constituent 
which can be determined from measured 
concentrations and solution of Equations 
(2) through (7). 

The solution of Equation (14) further requires an assumption of exhaust 
hydrocarbon hydrogen to carbon ratio, q/p. Studies have indicated how- 
ever that extremely unreasonable values of calcuJated fuel-air ratio are 
obtained when the sum of the exhaust gas mole fractions are constrained 
to unity. 

Therefore the method used by TCM for estimating the exhaust gas 
molecular weight is based on chemical equilibrium calculations and assumes 
that chemical equilibrium exists among the exhaust products for a given 
measured fuel-air equivalence ratio. Figure B-l. This assumption is 
reasonable since the major constituents which contribute to the exhaust 
molecular weight (e.g., N 2 , C0 2 , H 2 O, CO) do not vary significantly from 
equilibrium predictions. The calculation of mass emissions of carbon 
monoxide as an example would be as follows, by substituting Equation (13) 
into Equation (12) : 

"CO - A p ' L - T 1 X (Pool x [CO) ■ (15) 

L m exh p j 
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MOLECULAR 








Since, by the ideal gas assumption 


rf 

!#t S 


CO 


Mco P 
RT 


( 16 ) 


substitution of liquation (16) into (15) yields 
R (f + A') T 


m 


co 


M I3XH p 


M P 
u co r 


RT 


x [CO] 


or 



where 


(17) 



mass emission rate of CO, lbm/hr 


^co 

M EXH 
(f + A') 


molecular weight of CO, 


28.011 


lbm 

Lbm-mole 


exhaust gas molecular weight, • 
total induction mass flow rate 


lbm 


lbm-mole 

lbm 

hr 


CO 


wet volume fraction of CO in exhaust. 


V. THE EXHA U ST EMISSIONS STANDARDS 

Once the mass emission rates of CO, HC, and NO have been determined 
for the modes, the calculation of exhaust emissions relative to the EPA 
standards is straightforward. 


A Five-Mode Landing/Take-Off (LTO) cycle, as defined by the EPA, 
is shown in Table B-l, In each mode, run consecutively, the mass emis- 
sions are calculated in lbm/mode. The sum of these values, lbm/eycle, 
is then divided by the engine rated brake horsepower so that the final 
emissions values are in lbm/BHP/cycle . The maximum allowable values 
specified by the Standards are: 

• CO 0.042 lbm/BHP/cycle 

• HC - 0.0019 lbm/BHP/cycle 

• NOx - 0.0015 lbm/BHP/cycle. 
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TABLE B-1. EPA EMISSIONS REGULATIONS REQUIREMENTS 


MODE 

NO. 

MODE NAME 

TIME IN MODE 
(min) 

POWER 

(%) 

ENGINE RPM 
(%) 

1 

Taxi/Idle-Out 

12.0 

*■** 

2 

Take-Off 

0.3 

100 

(100) 

3 

Cl imb 

5.0 

75 to 100 

*■** 

4 

Approach 

6.0 

40 

*** 

5 

Taxi/Idle-In 

4.0 

*** 

TOTAL CYCLE 

27.3 


♦♦♦Manufacturer’s Recommendation 


To compare emissions from different types of engines, the EPA 
Five-Mode LTO cycle was expanded into a seven-mode cycle by separating 
the Idle-Taxi mode and further defining the power-speed conditions. 
Table B-2 presents the seven-mode cycle which was used as the standard 
for all engines investigated. 


TABLE B-2. TCM SEVEN-MODE AIRCRAFT LANDING/TAKE-OFF 
OPERATIONAL CYCLE 


MODE 

NO. 

MODE NAME 

TIME IN MODE 
(min) 

POWER 

(*) 

PROPELLER 

RPM 

1 

Idle-Out 

1 .0 

- 

600 

2 

Taxi -Out 

11.0 

- 

1 ,200* 

3 

Take-Off 

0.3 

100 

100% of Maximum 

I 

Cl imb 

5.0 

80 

90% of Maximum 

5 

Approach 

5.0 

40 

87% cf Maximum 

6 

Taxi-In 

3.0 

- 

1 ,200* 

7 

Idle-In 

1.0 


600 

TOTAL CYCLE 

27.3 


*900 RPM on geared engines 
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VI. 


CALCULATED FUEL-AIR RATIO FROM EXHAUST PRODUCTS 


The Environmental Protection Agency (20) requires a check on the 
accuracy of measured data by calculating the fuel-air ratio from exhaust 
gas constituents. The requirement is for the calculated and measured 
values to agree within +5%. Teledyne Continental Motors employs a method 
developed by R.S. Spindt (67) which requires the use of the fuel hydrogen- 
to-carbon ratio, y/x, rather than molecular form as required by many 
alternative methods investigated. The Spindt equation requires values 
for 0 2 , CO, C0 2 , HC, y/x, and an assumption for the water-gas equilibrium 
constant, Kp. Equation (18) is the Spindt equation. 


_f 

A 



r (11 . 492) FC 
L 


1.0 

1.0 4- E/2 + D 
1 + E 


120 (l-FC) T 

(Kp + E) J 


(18) 


where 

f/A - calculated fuel-air ratio 

FB - (CO + CO 2 )/(C0 + C0 2 + HC) 

FC - (12.011)/(12.011 + 1.008 y/x), the fraction 

of carbon in fuel, C x Hy 

E - C0/C0 2 

D - 0 2 /C0 2 

Kp - (H 2 0) (C0)/(H 2 ) (C0 2 ), the value of K p was 

assigned by Spindt as 3.5. 
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LIST OF DEFINITIONS AND SYMBOLS 


Abs 

Baseline 


Bbl 
BHP 
BMW 
BTDC 
Case I 


Case II 

CID 

CO 

C02 

CO Standard 

CVCC 

EGT 

EPA 

E 3 R 

FEMA 

FHP 

Fuel-Air 

gm 


Absolute 

An engine operating condition defined as the average 
fuel flow rate (as established by the fuel system's 
production tolerance band) when operated with the 
mixture control set at full rich position 

Barrel 

Brake Horsepower 
Bavarian Motor Works 
Before Top Dead Center 

The minimum allowable fuel flow rate as established by 
the engine type certificate (approximately best 
power for most modal conditions) 

The fuel flow rate corresponding to the leanest fuel- 
air ratio obtainable before a safety hazard occurs 
with the engine operating on a propeller test stand 

Cubic Inches Displacement 

Carbon Monoxide 

Carbon Dioxide 

0.042 lbm/rated horsepower/cycle 
Compound Vortex Controlled Combustion 
Exhaust Gas Temperature 
Environmental Protection Agency 
Engine Exhaust Emission Reduction 
Failure Effects and Modes Analysis 
Friction Horsepower 

Ratio of Fuel Mass Flow to Dry Air Mass Flow 
Gram 
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LIST OF DEFINITIONS AND SYMBOLS - Continued 


H 

h 2 

HC 

HC Standard 

Hg 

HP 


IHP 

I0-520-D 

JPL 

kHz 

L 

lb 

M 

MTBF 

MTBM 

NACA 

NTIS 

NOx 

NOx Standard 

ppm 

rpm 

R&D 

ROM 

SAE 


High 

Hydrogen 

Unburned Hydrocarbons 

0,0019 Ibm/ rated horsepower/cycle 

Mercury 

Horsepower 

Inline cylinder configuration (followed by number of 
cylinders) 

Indicated Horsepower 

Fuel-injected six-cylinder opposed engine, 520 CID, 

D Model, with 300 Maximum Rated Horsepower 

Jet Propulsion Laboratory 

Kilohertz or (cycles per second) * 10 3 

Low 

Pound (mass) 

Medium 

Mean Time Between Failures 

Mean Time Between Maintenance 

National Advisory Committee for Aeronautics 

National Technical Information Service 

Oxides of Nitrogen 

0.0015 lbm/rated l orsepower/cycle 

Parts per Million 

Revolutions per Minute 

Research and Development 

Rough Order Magnitude 

Society of Automotive Engineers 
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LIST OF DEFINITIONS AND SYMBOLS - Concluded 


Safety butt- 
line 

Fuel/air ratio leaned to the verge of safety problems, 
excessive cylinder head temperature or inadequate 
acceleration 

SFC 


Specific Fuel Consumption 

S/N 


Serial Number 

SWRI 


Southwest Research Institute 

TA 


Time Average 

TCCS 


Texaco Controlled Combustion System 

TCM 


Teledyne Continental Motors 

TEL 


Tetraethyllead 

TFM 


Turbulent Flow Manifold (Ethyl) 

Tiara 

6-285-B 

Fuel-injected six-cylinder opposed engine, 285 Maximum 
Rated Horsepower, B-Model, with 406 CID 

V-8 


Eight Cylinders Arranged in a V Configuration 

WOT 


Wide Open Throttle 

(0) 


Binary number indicating "no value" or "less value" 

(1) 


Binary number indicating "value" or "greater value" 

■+ and 

> 

Greater than . . . 

+ and 

< 

Less than . . . 

<P 


Equivalence Ratio. The ratio of actual fuel/air to 
stoichiometric fuel/air ratio. 
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